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ABSTRACT
The Methanol MultiBeam survey (MMB) provides the most complete sample of Galac-
tic massive young stellar objects (MYSOs) hosting 6.7 GHz class II methanol masers.
We characterise the properties of these maser sources using dust emission detected by
the Herschel Infrared Galactic Plane Survey (Hi-GAL) to assess their evolutionary
state. Associating 731 (73%) of MMB sources with compact emission at four Hi-GAL
wavelengths, we derive clump properties and define the requirements of a MYSO to
host a 6.7 GHz maser. The median far-infrared (FIR) mass and luminosity are 630 M
and 2500 L for sources on the near side of Galactic centre and 3200 M and 10000 L
for more distant sources. The median luminosity-to-mass ratio is similar for both at
∼4.2 L/ M. We identify an apparent minimum 70 µm luminosity required to sustain
a methanol maser of a given luminosity (with L70 ∝ L6.7 0.6). The maser host clumps
have higher mass and higher FIR luminosities than the general Galactic population
of protostellar MYSOs. Using principal component analysis, we find 896 protostellar
clumps satisfy the requirements to host a methanol maser but lack a detection in the
MMB. Finding a 70 µm flux density deficiency in these objects, we favour the scenario
in which these objects are evolved beyond the age where a luminous 6.7 GHz maser
can be sustained. Finally, segregation by association with secondary maser species
identifies evolutionary differences within the population of 6.7GHz sources.
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1 INTRODUCTION
The formation of massive stars within our galaxy is currently
a poorly constrained process relative to our understanding
of the mechanisms which produce stars of a similar mass
to the Sun (Krumholz 2014). For stars of >8 M, the onset
of fusion in a protostellar core before it has finished accret-
ing material from its surroundings leads to a complicated
interplay between the strong outwards feedback and the in-
? E-mail: bethany.jones@manchester.ac.uk (BMJ)
falling material (Kudritzki 2002; Zinnecker & Yorke 2007).
Further complexity is added by the tendency for parsec-scale
clumps within molecular clouds to form clusters of stars with
a range of masses, rather than isolated massive stars (Lada
& Lada 2003). The evolution of a single, rare, massive pro-
tostar is therefore difficult to follow as the accretion of mass
and subsequent evolution may be influenced by other cluster
members. The feedback from multiple high-mass protostars
also rapidly processes their natal cloud, both kinematically
and chemically, to quickly erase any of the initial conditions
of the environments in which they form.
© 2019 The Authors
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Although a framework comparable to the Class
0/I/II/III classification of low-mass protostars is currently
lacking in the high-mass regime, several distinct evolution-
ary phases of a young high-mass protostar have been iden-
tified (e.g. Zinnecker & Yorke 2007; Svoboda et al. 2016).
This includes the formation of cold starless (or very young
protostellar) clumps (e.g. Traficante et al. 2017), hot cores
(e.g. Cesaroni 2005) and finally Hii regions (e.g. Kurtz 2005).
To fully understand the mechanisms governing the evolution
of massive young stellar objects (MYSOs), snapshots along
the entire evolutionary path are required. Due to the rela-
tively short timescales between the onset of fusion and the
dispersal of the parent cloud, the point at which an MYSO
attains its final mass is not well characterised. So far, the
deeply embedded nature of MYSOs within the star form-
ing clumps makes it challenging to identify a population of
sources at this point in evolution, often requiring interfer-
ometric resolutions to probe cores of ∼0.1 pc size forming
individual stars (Tan et al. 2014).
Aside from directly observing the emission from a pro-
tostar itself, other features of high-mass star forming regions
have been tied to the evolutionary status of protostellar
objects. Examples of this include extended green emission
(EGOs), which previous authors have found to be associ-
ated with MYSOs in the earliest stages of evolution with
ongoing outflow activity (e.g. Cyganowski et al. 2008; Chen
et al. 2013), and various maser species (Forster & Caswell
1989; Ellingsen et al. 2007; Breen et al. 2010). Found only
in the hot, dusty inner circumstellar environments of high-
mass protostars, class II methanol masers allow us to isolate
individual sources within a clump and have been proposed as
a marker of a particular, although poorly constrained, stage
of massive star formation that is expected to last between
2.5×104 and 4.5×104 years (van der Walt 2005).
Class II methanol masers are found in MYSOs prior
to the destruction of methanol within the immediate en-
vironment of the protostar and emit strongly at a main
line frequency of 6.7 GHz, (Minier et al. 2003; Ellingsen
2006). Unlike class I methanol masers which are collisionally
pumped, class II methanol masers are radiatively pumped by
strong infrared radiation at ∼70 µm (Cragg et al. 1992). Suf-
ficient flux at this wavelength is provided by the thermal re-
emission of the strong UV emission of a massive protostar by
surrounding dust (Breen et al. 2013). In addition to the main
6.7 GHz line, masing of a second methanol line at 12.2 GHz
also occurs under similar physical conditions (Cragg et al.
2001). The focus of this paper is to comprehensively char-
acterise the Galactic population of MYSOs hosting class II
methanol masers, so that the evolutionary status of these
sources can be constrained.
Other maser species in a clump may also trace various
evolutionary stages of a host protostar. Collisional masers
such as water and class I methanol masers are often asso-
ciated with the shocks from molecular outflows (Slysh et al.
1994; Walsh et al. 2011; Cyganowski et al. 2009), both in low
and high-mass star formation, but are also found in other
environments such as evolved stars (Deacon et al. 2007). Hy-
droxyl masers are found outside Hii regions including those
created as the protostar begins to ionize its surrounding in
the late stages of its evolution. Observations of excited-state
hydroxyl masers can also be used to measure the magnetic
field in star forming regions through their hyperfine split-
ting (Caswell & Vaile 1995; Caswell 2003, Avison et al. in
prep.). Unlike the 6.7 GHz methanol masers, each of these
maser species may be diagnostic of a range of astrophys-
ical scenarios that share common physical conditions, and
can trace multiple stages of evolution even when associated
with an MYSO. Class II methanol masers are therefore the
most appropriate for isolating a population of protostars in
a given evolutionary state, and additional masers can offer
further insight into the characteristics of a massive proto-
star.
Catalogues from large surveys of Galactic masers have
recently been released, with the Methanol MultiBeam Sur-
vey (MMB) providing a complete sample of luminous
6.7 GHz class II methanol masers for the southern Galactic
plane (Green et al. 2009). Only observed as a secondary line
to 6.7 GHz, the targeted follow-up study of all MMB sources
to detect the second class II methanol line at 12.2 GHz
has also been completed (Breen et al. 2016). An untargeted
survey of hydroxyl masers for the inner Galactic plane is
provided by Southern Parkes Large-Area Survey in Hy-
droxyl (SPLASH, Dawson et al. 2014), and the rarer excited-
state hydroxyl (ex-OH) masers were co-observed during the
MMB. Avison et al. (2016) released a catalogue of the ex-
OH masers for the entire MMB survey range, with their
magnetic field properties studied further in Avison et al. (in
prep.). An untargeted survey of the 22 GHz maser line of
water has also been observed by the H2O Southern Galactic
Plane Survey (HOPS, Walsh et al. 2011) for the inner Galac-
tic Plane, giving a large sample of water maser detections to
supplement the higher sensitivity follow-up towards a small
number of MMB sources by Titmarsh et al. (2014, 2016).
Breen et al. (2018) recently investigated the Galactic popu-
lations of these masers and the associations between them,
finding further evidence to support an evolutionary sequence
for the common maser species found in the vicinity of young
stars.
To complement the large coverage of the maser studies,
the Herschel Infrared Galactic Plane Survey (Hi-GAL) has
mapped the entire Galactic plane at high-resolution in the
far-infrared (Molinari et al. 2010b,a). Peaking in this wave-
length regime and visible over several of the 5 wavelengths
observed, the thermal dust emission from MYSOs visible
as compact objects with Hi-GAL can be used to reconstruct
the spectral energy distribution (SED) and derive properties
for each source such as temperature and mass surface den-
sity, in addition to luminosity and mass if the distance to a
source is known. Counterparts at wavelengths ≤ 70 µm may
also be used as indicators that a clump is no longer starless
but hosts at least one protostar (Dunham et al. 2008). In
addition to the 70 µm coverage of Hi-GAL, compact source
catalogues for surveys in the mid-infrared (MIR), such as
the GLIMPSE (Benjamin et al. 2003) and MIPSGAL (Carey
et al. 2009) surveys with the Spitzer (Churchwell et al. 2009)
satellite, are now available for the inner Galactic plane. Pre-
vious studies have already been performed to determine the
properties of clumps associated with known star formation
sites, such as infrared dark clouds (IRDCs) (Traficante et al.
2015) and MALT90 clumps (Guzma´n et al. 2015), as well as
generally over the inner Galactic plane (Elia et al. 2017).
As the most appropriate masers to exclusively select
high-mass protostars in a constrained range of evolutionary
states, we identify a large sample of protostellar clumps in a
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similar stage of evolution through association with a class II
methanol maser. The availability and Galactic scale of the
catalogues from both Hi-GAL and the MMB survey allows
us to select a sample of sufficient size to fully characterise the
properties of clumps hosting 6.7 GHz methanol masers. As
this is a large sample of objects (several hundred), we adopt
analysis techniques to compare populations of objects and
identify statistically significant differences in the underlying
distributions of properties, rather than compare individual
sources. The first portion of this work (Sections 3-5) details
the identification and infrared characterisation of this pop-
ulation of objects. We then address the question of whether
the presence of a methanol maser in a protostellar clump has
any significance, making use of mid-infrared data principal
component analysis to identify a sample of objects with iden-
tical properties to a methanol maser host clump but lacking
a strong 6.7 GHz maser (Sections 6-7).
Section 8 includes additional star formation masers to
identify differences in populations of sources within the sam-
ple of 6.7 GHz host clumps. Previous work has found correla-
tion between the appearance of and properties of masers dur-
ing the progression of the star formation process in a clump
(e.g. Breen et al. 2010; Titmarsh et al. 2014, 2016). This
work does not aim to characterise the Galactic populations
of star formation masers themselves, but presents an inves-
tigation into evolutionary differences between clumps with
a variety of other maser species secondary to the 6.7 GHz
line. The relationship between clump and maser properties
is also discussed.
2 DATA SETS
2.1 Methanol MultiBeam survey
The MMB survey completely searched Galactic longitudes
from -174◦ to 60◦ through the Galactic centre, and latitudes
|b| ≤ 2◦ for 6.7GHz methanol masers (Green et al. 2009). A
total of 972 6.7 GHz methanol masers were detected above
the 3-σ detection limit of 0.51 Jy and are presented in a
series of five catalogue papers (Caswell et al. 2010; Green
et al. 2010; Caswell et al. 2011; Green et al. 2012; Breen et al.
2015). The catalogue papers provide precise maser positions
derived from targeted interferometric observations accurate
to 0.4 arcsec, as well as peak flux density information. The
integrated flux densities are provided for the full catalogue
in Breen et al. (2015).
In this paper, we adopt the distances for MMB sources
published in Green & McClure-Griffiths (2011) and Green
et al. (2017). These are primarily kinematic distances, with
near-far ambiguities resolved through Hi self absorption, and
utilise the kinematic parameters of Reid et al. (2016). As
reported in Green et al. (2017), the near-far kinematic dis-
tance ambiguity is resolved for 778 of the MMB sources, and
we exclude the remaining sources with near-far ambiguities
from any distance-dependent analysis.
2.2 Additional maser studies
A targeted follow-up towards each MMB source to search
for a second class II methanol line at 12.2 GHz has been
completed, with the catalogues published in Breen et al.
(2012a,b, 2014, 2016). A total of 438 12.2 GHz masers were
detected (45.3 per cent of sources). The MMB survey also
covered the 6035 MHz excited-state maser transition of OH,
with 127 ex-OH masers detected over the southern Galactic
plane (Avison et al. 2016). The most recent follow-up to the
MMB survey is the search for water masers associated with
the 6.7 GHz masers by Titmarsh et al. (2014, 2016, hereafter
the Titmarsh et al. sample). This survey targeted all 217
MMB masers between Galactic longitudes -19◦ and 20◦ with
the Australia Telescope Compact Array (ATCA), finding
110 to be associated with a 22 GHz water maser.
Additional water masers have been detected by HOPS
(Walsh et al. 2011), which surveyed 100 deg2 of Galactic
plane between −70◦ < l < 30◦ with the Mopra Radio Tele-
scope between 19.5 and 27.5 GHz at lower sensitivity than
the Titmarsh et al. studies. As water masers are less lo-
calised than methanol masers, precise positions were ob-
tained from follow-up observations with ATCA (Walsh et al.
2014). These were used to group detected masers into sites,
435 of which are associated with star formation. For this
work, we use the association of these masers with MMB
masers given in Breen et al. (2018).
The final maser survey that we make use of is the
SPLASH survey (Dawson et al. 2014) of ground-state hy-
droxyl masers, with the initial survey with the Parkes tele-
scope between −28◦ < l < 10◦ through the Galactic cen-
tre and Galactic latitudes −2◦ and +2◦ detecting ∼600 OH
maser sites. Qiao et al. (2016, 2018) obtained accurate inter-
ferometric positions with the ATCA for OH masers in two
regions of 334◦ < l < 344◦ and −5◦ < l < 5◦, and also iden-
tify associations between the OH masers and MMB masers
in these ranges. Only the main line transitions of 1665 and
1667 MHz are associated with high-mass star forming re-
gions.
2.3 Hi-GAL compact source catalogues
The Hi-GAL survey mapped the entire Galactic plane in
a 2◦ strip following the Galactic warp in five wavelengths
in the far-infrared (Molinari et al. 2010b,a). Observations at
70, 160, 250, 350 and 500 µm were carried out simultane-
ously, with angular resolutions of 10.0, 13.6, 18.0, 24.0 and
34.5 arcsec in each band respectively (Traficante et al. 2011).
Following map creation, photometric catalogues of com-
pact sources extracted using the CuTEx algorithm (Moli-
nari et al. 2011) have been published by Molinari et al.
(2016a) for each wavelength for the inner Galactic plane.
These catalogues contain 123 210, 308 509, 280 685, 160 972
and 85 460 sources at 70, 160 250, 350 and 500 µm respec-
tively between Galactic longitudes −71◦ and 67◦ through
the Galactic centre. The Hi-GAL compact source catalogues
made use of in this work are similarly extracted with Cu-
TEx but cover the entire Galactic plane (S. Molinari et al.,
priv. comm.). For the full Galactic plane, the numbers of ob-
jects in the compact source catalogues for each wavelength
increases to 158 092 at 70 µm, 580 295 at 160 µm, 468 394 at
250 µm, 251 679 at 350 µm and 129 489 at 500 µm.
In this work, we carry out a multi-wavelength analysis
using the CuTEx catalogues to derive the physical proper-
ties of massive clumps hosting methanol masers. Elia et al.
(2017) have derived the properties of the population of mas-
sive clumps visible with Hi-GAL and we use their results
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to provide a sample of objects against which to compare
maser-hosting clumps.
2.4 Mid-infrared data
The FIR observations are complemented by data sets in the
MIR from the Wide-field Infrared Survey Explorer (WISE)
and Spitzer satellites. The GLIMPSE and MIPSGAL sur-
veys carried out with the Spitzer satellite provide coverage
of the inner Galactic plane at high resolution (Churchwell
et al. 2009; Benjamin et al. 2003; Carey et al. 2009), with
the two surveys covering 295◦ < l < 65◦ and 298◦ < l < 63◦
respectively for at least |b| < 1◦ over the survey range. For
this study, we make use of the GLIMPSE I, II and 3D catal-
goues at 8 µm and MIPSGAL 24 µm point source catalogues
produced by Gutermuth & Heyer (2015).
At a lower resolution, the WISE satellite has surveyed
the entire Galactic plane, with the most recent data set
AllWISE combining both the initial WISE and NEOWISE
data sets (Wright et al. 2010; Mainzer et al. 2011). To sup-
plement the inner Galactic plane coverage of the MIPSGAL
catalogue, the AllWISE point source catalogue is also used
to identify counterparts at 22 µm.
In addition to the point-like counterparts identified in
the mid-infrared, we also make use of the catalogue of Ex-
tended Green Objects (EGOs) of Cyganowski et al. (2008).
These are defined as regions of excess extended emission in
the 4.5 µm band of the original Spitzer GLIMPSE survey.
As only the GLIMPSE I data was used for the (Cyganowski
et al. 2008) catalogue, the Galactic plane coverage is lim-
ited to the regions of 295◦ < l < 350◦ and 10◦ < l < 65◦
for |b| < 1◦. Cyganowski et al. (2009) and Cyganowski et al.
(2011) find class I methanol masers, commonly associated
with outflow activity, to spatially coincide with EGO emis-
sion towards high-mass star forming regions. Predominantly
tracing emission from species shocked through outflow in-
teractions, EGOs provide another possible signpost of the
evolutionary state of a 6.7 GHz host clump alongside the
secondary masers (Reach et al. 2006; De Buizer & Vacca
2010).
3 IDENTIFICATION OF COUNTERPARTS
3.1 Hi-GAL compact sources
The thermal dust emission associated with the clump host-
ing each maser may be identified in the catalogues of com-
pact sources visible in each of the wavelengths in the Hi-
GAL survey. Association with a methanol maser is deter-
mined through on-sky position. Due to the degradation of
resolution with increasing wavelength present in the Hi-GAL
data, the maximum allowed distance between the centroid
of a clump and the maser position is varied with wavelength
when identifying maser counterparts.
This reduces the number of false associations at short
wavelengths and avoids missed counterparts at long wave-
lengths due to the positional uncertainty. For each of the
Hi-GAL catalogues, a counterpart is assigned to a maser if
the source centroid is separated by less than half of the cor-
responding Hi-GAL beam widths from the maser position.
The maximum angular separations are 5.1, 6.8, 9.0, 12.0 and
Table 1. Infrared counterparts to the 972 MMB masers found
in each of the single wavelength Hi-GAL source extractions. The
number of sources with a counterpart identified within the max-
imum counterpart angular distance θ in Column 2 is reported
in Column 3 for each band. The number is also given as a per-
centage of the maser sample in Column 4. The bottom row gives
the number of MMB sources with a counterpart identified in ≥ 1
Hi-GAL band.
λ [µm] θ [′′] No. with counterpart %
70 5.1 859 88.4
160 6.8 873 89.8
250 9.0 823 84.7
350 12.0 826 85.0
500 17.3 822 84.6
Any - 930 95.7
17.25 arcsec at 70, 160, 250, 350 and 500 µm respectively.
In the instance that several counterparts are identified, the
source with the smallest angular separation from the maser
coordinates is selected. Table 1 shows the number of masers
assigned a counterpart in each wavelength, with > 84% of
masers detected with a counterpart in any single band. Over-
all, nearly all sources (95.7%) are associated with a Hi-GAL
compact source in at least one band.
For the longest wavelength Hi-GAL catalogues, a
greater number of false associations between masers and
sources in this catalogue will be returned due to the in-
creased beam size. The overall percentage associated at
500 µm is however less than at other wavelengths, most likely
due to the comparatively poor resolution resulting in missed
detections. For clumps hosting evolved protostellar sources,
such as those capable of sustaining a class II methanol maser,
the 160 µm emission is expected to be close to the peak of the
thermal SED. In line with this, we find the number of sources
with a counterpart recovered to be greatest for 160 µm.
3.2 Multi-wavelength sample selection
The sample of masers studied further in this work is se-
lected based on the visibility of compact emission over sev-
eral Hi-GAL wavelengths. Since Class II methanol masers
are pumped by radiation at ∼70 µm (Sobolev et al. 2005),
their host clumps are expected to be ‘protostellar’ in nature,
visible as both compact emission from the cool dust envelope
at wavelengths ≥160 µm and at 70 µm from a warmer inner
component (Motte et al. 2010). In order to fit to the spectral
energy distribution (SED) of the dust envelope of a proto-
stellar clump, a detection in at least 3 wavelengths ≥160 µm
is required, as the emission at 70 µm is neither optically thin
nor tracing the same cold material.
Although a high percentage of sources are associated
with a 500 µm counterpart, this is artificially increased due
to the larger beam size including false associations with
sources that may not truly host the methanol maser. In
these cases, the 500 µm counterparts may belong to cold
dust condensations that do not show any evidence of emis-
sion at ≤160 µm associated with an embedded protostar.
Therefore, requiring a catalogued 500 µm detection severely
limits our multi-wavelength sample size as all associations
that are less likely to be true associations are removed
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through shorter wavelength requirements, and the percent-
age of maser sources with a 500 µm counterpart falls below
that of the other bands. So, the sample analysed further are
defined as masers associated with a counterpart in 70, 160,
250 and 350 µm only.
Subject to these constraints, 731 6.7 GHz methanol
masers (72.5 per cent) are identified with infrared emission
in all bands between 70 and 350 µm In addition to these
sources, we also note that 22 masers (2.2 per cent) are iden-
tified with emission at wavelengths between 160, 250 and
350 µm but lack a detected 70 µm counterpart. Elia et al.
(2017) show that a deeper targeted extraction at 70 µm to-
wards such sources is likely to reveal a counterpart or pro-
vide an upper limit on the flux from any warm component
present. By visual inspection of the Hi-GAL maps, we con-
firm that these maser sources do all have a counterpart at
70 µm but are not recovered by CuTEx.
Methanol maser sources detected in the FIR in previous
studies may also be missing from the sample in this work due
to the saturation of the Hi-GAL maps at 250 and/or 350 µm.
An example of this are the two maser-hosting protostellar
clumps in the infrared dark cloud SDC335, with Avison et al.
(2015) making use of the 70 and 160 µm Hi-GAL data only.
In total, 80 sources are removed due to unreliable fluxes
reported in the Hi-GAL catalogues.
The sample is further refined to exclude sources dis-
playing irregular FIR SEDs as it will not be possible to fit
these with the simple model chosen to describe the objects.
As the CuTEx algorithm used to produce the Hi-GAL cat-
alogues performs source deblending, such sources are likely
to be false associations giving rise to the unphysical shape
rather than blending within a Hi-GAL beam. For prestel-
lar and protostellar cores, the dust envelope of a source is
expected to have a SED peaking at ≤ 250 µm. Defining the
[250-350] µm colour of a source as the logarithmic ratio of
250 to 350 µm flux, we use this property to assess the validity
of the infrared fluxes assigned to maser.
Prior to the calculation of the [250-350] µm colour of
a source, the fluxes at long wavelengths require scaling to
ensure that the flux from the same volume of material is
considered at all wavelengths, as excess gas is included if a
source is unresolved. The size at 250 µm is taken to most
reliably trace the size of the cold clump envelope, the fluxes
at 350 µm are scaled according to the relation
FSEDν = Fν ×
FWHMdec250
FWHMdecν
(1)
where the FWHMdec values are the deconvolved circularised
FWHM source sizes (Nguyeˆn Luong et al. 2011) given in the
Hi-GAL catalogues. The sources are assumed to be resolved
at 70 and 160 µm and no scaling is applied. On average, the
scaled flux at 350 µm is 73 per cent of the original coun-
terpart flux, with a standard deviation of 13 per cent. The
overall effect is to steepen the SED of each source between
250 µm and 350 µm, i.e. shifting the [250-350] µm colour to-
wards more positive values, with an example shown in Figure
1.
We exclude sources of negative [250-350] µm colour
(more emission at 350 µm than 250 µm), as these are irregu-
lar SEDs given the expected peak emission wavelength. Im-
posing further constraints based on the source colours is not
possible, as the temperature dependence of the peak posi-
tion may lead to either increasing or decreasing SEDs in all
other consecutive wavelength bands. Initially 24 of the 731
sources fall below the colour limit at 0, reducing to 4 follow-
ing flux scaling. In conjunction with the removal of sources
with unreliable fluxes, a total of 84 sources are removed from
the sample, giving a sample size of 647 for further analysis.
3.3 Mid-infrared counterparts
To extend the spectral energy distribution, positional asso-
ciation was similarly used to search the mid-infrared point
source catalogues described in Section 2.4 for all 647 maser
sources appearing in the four required Hi-GAL bands with
reliable fluxes. The 24 µm MIPSGAL catalogue was initially
searched for counterparts to the sample of masers identi-
fied above using a half-beam association radius of 3.0 arcsec
(Gutermuth & Heyer 2015). Of the 627 sources falling within
the MIPSGAL survey range, only 40.8 per cent of the sam-
ple (304 sources) were found to have an associated MIPS-
GAL 24 µm point source. As for the 70 µm catalogues, Elia
et al. (2017) also performed a deeper targeted extraction in
the MIPSGAL data towards their protostellar objects to re-
cover faint sources to either identify missing counterparts,
or provide an upper limit on the 24 µm flux.
However, the masers lacking 24 µm counterparts show a
trend towards higher FIR luminosities (see Section 5.3). As
the FIR luminosity derived from the Hi-GAL data correlates
with the luminosity at 24 µm, this implies that saturation of
the MIPSGAL images is a plausible cause for the small frac-
tion of sources associated with a counterpart, rather than the
failing to detect faint 24 µm sources (Dunham et al. 2008).
Visual inspection of the MIPSGAL images confirms that this
is the case towards a majority of the sources.
The AllWISE point source catalogue at 22 µm was also
searched for counterparts as a substitute for those lacking
24 µm sources. This data is at much lower resolution, with a
beam size of 24.0 arcsec, but does not suffer from the same
saturation effects. Further to this, AllWISE covers the full
range of coordinates of the sample. Although the lower res-
olution AllWISE data will not detect the small and faint
counterparts detectable in the MIPSGAL data, the detec-
tion of bright sources and extended survey range recovers
additional counterparts. A total of 451 counterpart sources
are found in the 22 µm AllWISE catalogue, 280 of which
were not assigned a MIPSGAL counterpart previously.
For the purpose of determining the existence of a
∼20 µm counterpart and estimating the flux by tabulated
integration, the 22 µm WISE and 24 µm MIPSGAL data
points are used interchangeably. Combining the WISE and
MIPSGAL detections finds a majority (518, 80.1 per cent)
of maser host sources to be associated with a counterpart
at ∼20 µm. For the masers with a counterpart identified in
both the MIPSGAL and AllWISE catalogues, the MIPS-
GAL counterpart is used preferentially. For sources with
both a MIPSGAL and AllWISE counterpart found, a com-
parison of the two flux values finds no systematic differences.
The Spitzer GLIMPSE I, II and 3D point source cat-
alogues were similarly used to assign 304 counterparts at
8 µm within 2.0 arcsec of each maser coordinate. The asso-
ciation of 6.7 GHz methanol masers with 8 µm counterparts
has previously been investigated by Gallaway et al. (2013).
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However, these associations are only performed for the sub-
set of MMB masers with interferometric positions available
at the time of publication. We do not use these associations
but match to the GLIMPSE catalogues to cover the full
MMB range in addition to the Hi-GAL protostellar objects,
and ensure that the matching criteria are consistent for the
two samples. The numbers of sources with an MIR counter-
part in each of these surveys is shown in Table 2, alongside
the number of the methanol maser hosts within each survey
region.
Approximately half (52.1 per cent) of the maser sources
bright at ∼20 µm also have an 8 µm GLIMPSE object as-
signed to them and therefore the presence of an 24 µm source
does not necessarily indicate that emission is expected at
8 µm. Conversely, most sources (88.8 percent) visible at 8 µm
also have a MIPSGAL or AllWISE counterpart.
Gallaway et al. (2013) previously reported that 83 per
cent of methanol masers are associated with emission in
at least one of the 4 GLIMPSE bands (67 per cent in all
bands). When performing the same matching against the
GLIMPSE point source catalogues, the authors recovered a
counterpart in any GLIMPSE band for only 55 per cent
of the MMB masers. This difference is attributed to the
lack of extended or slightly extended emission included in
the point source catalogues, as is common towards maser
sources, and report that the number of MIR counterparts
to the MMB masers increases by a factor of approximately
2 if such sources are included alongside point-like counter-
parts. Performing targeted source extraction and inspection
towards both the maser and protostellar samples to recover
extended emission is beyond the scope of this paper. Our
result that 48.3 per cent of methanol masers are associated
with an 8 µm counterpart is therefore an underestimate of
the true number of sources bright at 8 µm.
4 INFRARED CLUMPS ANALYSIS
4.1 SED fitting
Within the far infrared regime, each methanol maser host
clump is taken to emit thermally at the dust temperature as
a single temperature modified blackbody, or greybody. This
approximation describes the emission well for wavelengths
≥160 µm, but the 70 µm flux is found to trace the warm em-
bedded protostellar component and not the emission from
the envelope (Motte et al. 2010; Dunham et al. 2008). Ad-
ditionally, the emission at 70 µm is not necessarily optically
thin and cannot be reliably fitted without also modelling
optical depth effects.
At wavelengths ≥160 µm, the emission is optically thin
and the observed intensity of emission from a clump is given
by
Sν =
Mκν
d2
Bν(T). (2)
where Bν(T) is the Planck function evaluated at the obser-
vation frequency ν for clump temperature T , M is the total
gas+dust mass of the envelope and d is the distance to the
clump. The dust mass opacity coefficient κν given in units
of cm2g−1 is frequency dependent and assumed to follow the
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Figure 1. The fluxes integrated over the source size in the Hi-
GAL maps, for a typical maser hosting clump in the sample. The
filled circles are the data points used for fitting to the SED at 160,
250 and 350 µm, with the unscaled flux at 350 µm shown in red.
The data points likely originating from a warmer inner component
at 8, 24 and 70 µm are marked as open circles and are not used for
fitting. The grey dashed line is the fitted greybody for this source,
returning a temperature of 17.0 K and a clump envelope mass of
806 M, given that the distance to the host maser is 2.7 kpc.
scaling relation
κ = κ0
(
ν
ν0
)β
(3)
where the values of κ0 and ν0 are set to 0.005 cm
2g−1 and
230 GHz respectively for a gas-to-dust ratio of 100 (Preibisch
et al. 1993). The spectral index β is fixed rather than fit-
ted as the limited number of data points for each source
does not allow reliable determination and the degeneracy
between β and T cannot be accounted for. A value of 1.8 is
chosen as this was found to best characterise the shape of
the observed SED of the clumps, consistent with previous
work (e.g. Juvela et al. 2015, 2018; Guzma´n et al. 2015). A
greybody is fitted to each constructed SED by least-squares
minimisation using the Levenberg-Marquardt algorithm to
return best fit values of T and M
d2
. For masers with a known
distance from the data described in Section 2.1, values of
physical parameters such as total mass and radius are also
obtained for a clump. An example of a the FIR SED of a
typical maser host source and the fitted greybody is shown
in Figure 1.
4.2 Calculating luminosity
For this analysis, the FIR luminosity of a source is defined
as the luminosity in the range 70-500 µm. We do not include
the mid-infrared fluxes in this luminosity calculation to en-
sure that the integral is evaluated over the same interval
for all sources in the sample. Although distance-dependent
quantities themselves, parameters such as the ratio of L to
M may still be evaluated for sources lacking a distance value.
Taking the total FIR luminosity as the area under the
fitted greybody SED returns an estimate of the luminosity
originating from the dust envelope of the clump. This does
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Table 2. The single wavelength searches for maser counterparts in GLIMPSE 8 µm, MIPSGAL 24 µm and AllWISE 22 µm point source
catalogues. The intersection of each survey coverage with the MMB survey is given in the second column. The number of FIR detected
masers falling within the range of each survey is stated, alongside the number with a counterpart assigned. Counterparts were assigned
using a maximum distance of one half-beam size for each survey. The last two rows indicate the total number of the maser sources with
a visible counterpart in either of the ∼20 µm catalogues and the subset of these also associated with 8 µm emission.
Survey (wavelength [ µm ]) Common coverage Masers in range No. with counterpart (%)
GLIMPSE I, II, 3D (8) 295◦ < l < 60◦, |b | ≤ 1 629 304 (48.3)
MIPSGAL (24) 298◦ < l < 60◦, |b | ≤ 1 627 238 (40.0)
AllWISE (22) 186◦ < l < 60◦, |b | ≤ 2 647 451 (69.7)
AllWISE (22) or MIPSGAL (24) 186◦ < l < 60◦, |b | ≤ 2 647 518 (80.1)
AllWISE (22)/MIPSGAL (24) & GLIMPSE (8) 295◦ < l < 60◦, |b | ≤ 1 629 270 (42.9)
not reliably describe the total far-infrared luminosity of a
source as an excess of energy is likely to be emitted by a
warmer inner component due to the embedded protostar at
shorter wavelengths, including 70 µm (Dunham et al. 2008).
Despite this, 26 sources show a deficiency in 70 µm flux rel-
ative to the greybody estimate, which can be attributed to
unreliable recovery of the true flux at 70 µm due to com-
plex environments and source blending (e.g. Elia et al. 2013;
Molinari et al. 2016a; Persi et al. 2016). We therefore define
the FIR luminosity of a source LFIR as the integral under
the tabulated data points in this range calculated, supple-
menting the four required Hi-GAL fluxes with a 500 µm flux
returned by extrapolating the best-fit greybody, as the enve-
lope described by the single temperature greybody is respon-
sible for emission at this wavelength. We perform tabulated
integration using a 5-point Newton-Cotes formula to allow
for deviation from ideal greybody behaviour at 70 µm and
better characterise the total energy emitted in the FIR by
the clump (see Section 5.3).
Throughout the following sections the properties of this
sample of maser host clumps are shown alongside the same
distributions for the general Galactic protostellar clump
population visible with Hi-GAL, defined by Elia et al.
(2017). Prior to comparison with the protostellar sample,
it should be noted that there is a small difference in how
the luminosity of the two samples (masers and protostars)
is calculated. For this work, the maser clump luminosity is
strictly defined as the integral given by the tabulated Hi-
GAL data between 70 and 500 µm, and so is a measure of
the far-infrared luminosity. On the other hand, Elia et al.
(2017) calculate the bolometric luminosity of each source by
including the flux at wavelengths outside the Hi-GAL wave-
length range. For the sources in the protostellar sample with
a counterpart detected in either the MIPSGAL, 22 µm WISE
or 21 µm MSX (Egan et al. 2003) data, the range of fluxes
used to calculate source luminosity have been extended to
have a lower limit of ∼20 µm. For all sources, Elia et al.
(2017) calculate the luminosity at wavelengths ≥ 160 µm
from the greybody fit and use the tabulated fluxes to cal-
culate the luminosity contribution at shorter wavelengths.
For the maser-bearing sources associated with 24 µm emis-
sion, we find an average increase in luminosity by a factor of
2.0±0.78 compared to the far-infrared luminosity used here.
As Elia et al. (2017) find only 10% of sources to be MIR
dark (i.e. lacking a counterpart at ∼ 20 µm), this correction
factor is likely to apply to most sources. Given that the in-
frared emission is responsible for the pumping of the class II
methanol maser line, this luminosity is the most appropri-
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Figure 2. Heliocentric distance distributions of the protostellar
(grey) and maser (orange) samples, with the median distances of
4.0 kpc and 8.0 kpc marked in respective colours. The assumed
distance to Galactic centre at 8 kpc is marked in blue.
ate for this work, although typically evolutionary diagnos-
tics such as L/M are designed for use with the bolometric
luminosity.
5 FIR RESULTS
The derivation of clump properties for the 6.7 GHz hosts
from their FIR fluxes allows us to compare this sam-
ple against existing catalogues of high-mass star forming
clumps. Within the 22,426 protostellar sources reported by
Elia et al. (2017), we select the 22,293 sources satisfying
the same multi-wavelength (70 to 350 µm) visibility criteria
as the maser sample, and restrict to the Galactic longitude
and latitude range of the MMB survey. Additionally, we only
consider the 25 per cent of the above sources with ‘good’ dis-
tances (i.e. resolved between near and far through the use of
other tracers) as the assumption of far kinematic distance
applied to the remaining sources may artificially increase
in the number of sources at high luminosities and masses.
The distance distributions of the two samples are shown
in Figure 2. Each displays bimodality around the Galactic
centre, which is unsurprising as IR observations and kine-
matic distance resolution is challenging in this direction, re-
sulting in a dip at the assumed distance to Galactic cen-
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Figure 3. Distribution of temperatures determined by greybody
fitting to the SED of clumps for the protostellar (grey) and maser
(orange) samples. The sample medians of 19.5 K and 15.3 K are
also marked for the maser and protostellar sample respectively.
The threshold clump temperature taken to be required to sustain
a class II methanol maser is marked in red at 12.5 K.
tre of 8.0 kpc. The symmetry in the distances of the MMB
sources between the near and far side of the Galaxy supports
that the MMB survey has recovered the majority of Galactic
methanol masers. However, a significant shift towards dis-
tances on the near side of the Galactic plane is seen for the
protostellar sample relative to the maser hosts. This reflects
the ability of Hi-GAL to detect sources of a given angular
size, corresponding to a larger physical radius at further dis-
tances, and the primary methods used to confirm distances
or resolve kinematic ambiguities, such as association with
absorption features (Elia et al. 2017). The effects of the bi-
modality in distance are discussed in Section 5.4.
We select this sample of 5497 protostellar objects for
comparison, hereafter the ‘protostellar sample’, with the aim
to determine whether the subset of protostellar sources host-
ing a visible methanol maser occupies a constrained space
within the total population of protostellar objects in the in-
ner Galactic plane.
The following sections detail the results for the individ-
ual properties calculated for the maser host clumps, com-
pared against the protostellar sample in each case. Table 4
presents the distribution medians and standard deviations
for all properties. Approximate thresholds on the clump
properties required to host a methanol maser are given in
each section, and also included in this table. In each case,
these represent requirements of a protostellar environment
on the clump scale, rather than the conditions in the circum-
stellar region of an individual massive protostar, to sustain
maser activity.
5.1 Temperature and mass surface density
For clumps in the sample, the distance independent quanti-
ties of temperature and mass surface density Σ are obtained
for all sources following SED fitting. The methods adopted
by Elia et al. (2017) to characterise their protostellar sources
are similar to our own, both using the 250 µm angular clump
size to define physical size and modelling each SED as a
modified blackbody. A key difference in our methods is the
choice of spectral index β and reference dust mass opacity
κ.
To correct for differences in β when considering FIR
SEDs fitted with a modified blackbody covering the peak of
emission, Guzma´n et al. (2015) give a relationship between
spectral index and temperature of
hνpeak
kBTd
' β + 3 (4)
where Td is the dust temperature, νpeak is the wavelength
at which the SED peaks, and kB and h are the Boltzmann
and Planck constants respectively, with this relationship ac-
curate to 10 per cent for values of β > 1. Following the
method used by Guzma´n et al. (2015) to compare tempera-
tures derived from the far-infrared with different values of β,
we obtain a scaling of Tβ=2.0 = 0.96Tβ=1.8. The median tem-
perature of the maser sample decreases to 18.7 K under this
correction, and does not significantly affect the conclusion
that the maser sources are significantly warmer. Assuming
a worst-case of 10 per cent uncertainty on this scaling, the
largest possible decrease in median temperature from the use
of a different β is 2.7 K which, although not completely neg-
ligible, is also significantly less than the 4.2 K offset in tem-
perature seen between the protostellar and maser clumps.
We therefore do not consider the choice of β to significantly
impact the results obtained throughout this work.
When comparing median Σ, masses or thresholds be-
tween different works, it is important to be aware of the off-
set factor which the adoption of different values and forms
for the dust mass opacity can introduce. For the dust mass
opacity, Elia et al. (2017) use a reference value of 0.1 cm2g−1
at 300 µm. Rescaling our reference value to 300 µm with
Equation 3 gives a value of 0.07 cm2g−1 and we find that
the Σ (and mass) presented for a clump in this work off-
set to higher Σ and mass by a factor of 1.4 relative to the
protostellar sample due to this difference.
Since all the objects with irregular SEDs and unreliable
fluxes in the Hi-GAL compact source catalogues have al-
ready been excluded from the sample, the remaining maser
sources are well fitted with temperatures up to a maximum
of ∼ 42K. The distribution of fitted T values is shown in
Figure 3 which has a median of 19.5 K for the maser hosts.
The protostellar sample has a lower median temperature of
15.3 K. To set thresholds on the properties required for a
source to host a methanol maser, we adopt 2-standard de-
viation lower limits on the distributions of properties of the
maser sources, unless otherwise stated. As the presence of a
high temperature tail in the temperature distribution causes
significant asymmetry, we only use points below the median
to calculate the standard deviation and obtain a 2σ lower
threshold. This gives a minimum temperature for a clump
to host a methanol maser of 12.5 K, and is marked in red in
Figure 3.
Also making use of the Hi-GAL data, Guzma´n et al.
(2015) find an average temperature of 18.6 K for protostellar
objects, and the study of Breen et al. (2018) also makes use
of these temperature maps to derive a temperature of ∼24 K
towards 6.7 GHz methanol masers. Both of these are signif-
icantly warmer than the respective temperatures of 15.3 K
and 19.5 K for the protostellar and maser objects considered
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Figure 4. Distribution of mass surface densities calculated from
the prefactor returned following greybody fitting and the clump
size at 250 µm. The protostellar sample (grey) has a median
of 0.34 g cm−2 and the maser sample (orange) has a median of
0.76 g cm−2, with a lower limit on the mass surface density re-
quired to host a methanol maser (red) set at 0.08 g cm−2.
in this work. This offset arises from the difference in aper-
ture that is integrated over to obtain the flux of a source in
each Hi-GAL wavelength. Guzma´n et al. (2015) assume a
fixed aperture at all wavelengths, similar to the clump size
at 250 µm, whereas this work and Elia et al. (2017) allow
this size to vary according to the appearance in each map.
The size reported in the Hi-GAL compact source catalogues
is often significantly smaller at 160 µm relative to the size
at 250 µm for a source. This is therefore a difference in def-
inition rather than a true inconsistency between our two
studies. As this work is primarily focused on identifying dif-
ferences between objects with methanol masers and the pro-
tostellar population of Elia et al. (2017), both of which have
been characterised using the same flux extraction method,
this does not affect the conclusions we draw from this anal-
ysis.
Figure 4 shows the distributions of mass surface den-
sity Σ in logarithmic bins, where Σ = M
d2
1
Ω for solid angle Ω
subtended by the clump (calculated from the source FWHM
angular size at 250 µm), M is the clump mass and d the dis-
tance. The median Σ for the maser host sample is 0.76 g cm−2
with 248 (38 per cent) sources above the approximate thresh-
old of Σ ≥ 1 g cm−2 for massive star formation proposed by
Krumholz & McKee (2008). Only 21.0 per cent of the pro-
tostellar population fall above the same threshold, with a
sample median of 0.34 g cm−2. Including a correction fac-
tor of 1.4 to account for the systematic offset due to the
choice of dust mass opacity reduces the maser median value
to 0.54 g cm−2, and this cannot account for the difference
between the two samples.
This threshold is assumed for non-magnetised regions
whereas other studies support a lower threshold (e.g. But-
ler & Tan 2012; Urquhart et al. 2015; Traficante et al.
2015, 2018), with Tan et al. (2014) suggesting a threshold of
Σ ∼ 0.1 g cm−2 below which massive stars cannot form in the
presence of magnetic fields. For the maser and protostellar
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Figure 5. Mass distributions for the protostellar (grey) and
maser hosting (orange) samples, with medians of 206 M and
1457 M respectively and a minimum threshold (red) to host a
methanol maser set at 69 M.
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Figure 6. Distributions of physical radii derived from the source
size at 250 µm for the maser host clumps (orange) and the Galac-
tic protostellar sample (grey), with medians of 0.42 pc and 0.19 pc
respectively. The bimodality in radius of the maser sources is due
to a bimodality in the distance distribution. The minimum size
required for a methanol maser to be present is taken to be 0.11 pc
(red).
objects, the percentages of sources above this threshold are
94 and 80 per cent respectively. The maser hosting sources
are therefore found to be at a higher median mass surface
density than the protostellar sample and a lower limit of
0.08 g cm−2 is taken as the requirement for a clump to host
a methanol maser.
5.2 Mass and radius
For the 511 sources with a reliable distance value and a lu-
minosity > 100L (see Section 5.3), the mass of a clump
may be calculated from the M/d2 prefactor previously used
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Figure 7. Mass-radius diagram of the maser sources (orange)
with the protostellar sources shown as grey contours, with the
levels at intervals of 15% between 1% and 90% of the peak density
in M-r space. The approximate threshold for star formation to
occur in a clump of Kauffmann & Pillai (2010) is shown as the
dash-dotted green line, given by M(r) ≤ 870M (r/pc)1.33. The
red dashed line is the power law fit of observed properties towards
6.7 GHz methanol maser clumps by Urquhart et al. (2015), given
by log
(
M
1M
)
= 1.74
(
r
1 pc
)
+ 3.42. For comparison, the best fit line
to our data is shown as a blue solid line of log
(
M
1M
)
= (1.64 ±
0.07)
(
r
1 pc
)
+ (3.85 ± 0.04).
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Figure 8. Σ-M diagram for the protostellar (grey contours, levels
at 1%, 15%, 30%, 45%, 60%, 75% and 90% of peak density in Σ-
M space) and maser hosting (orange) sources. The approximate
surface density criterion for star formation to proceed of Σ ≥
1.0 g cm−2 is marked in blue.
to calculate mass surface density, as well as conversion of
the angular source size at 250 µm to a physical clump ra-
dius. The distributions of the mass and radius are plotted in
Figures 5 and 6 respectively. The median mass of the maser
hosting clumps is 1457 M with a median radius of 0.42 pc,
whilst the protostellar sample is less massive and smaller on
average, with median values of 206 M and 0.19 pc. Again,
we note that the difference in choice of dust mass opacity
may bias our results towards higher masses by a factor of
1.4, although this is a small correction relative to the differ-
ence in median mass. The lower limit on mass and radius to
host a methanol maser are taken to be 69 M and 0.11 pc.
We note here that the bimodality in radius seen in Figure
6, and later separation into two clusters in Figures 7 and
8, is caused by the underlying bimodal distance distribution
shown in Figure 2 and the limited range of angular sizes
(1-3 times the PSF in each band, Molinari et al. 2016a) for
objects to be included in the Hi-GAL compact source cata-
logues.
Figure 7 shows the mass of the clumps as a function
of the radius, with the Kauffmann & Pillai (2010) scaling
relation shown in green for comparison, with only 6 per
cent of the maser hosts falling below this limit. The best fit
line of log
(
M
1M
)
= 1.74
(
r
1 pc
)
+ 3.42 obtained by Urquhart
et al. (2015) for objects hosting methanol masers is shown
in red. For comparison, the line of best fit through our
maser hosts is shown in blue and is given by log
(
M
1M
)
=
(1.64±0.07)
(
r
1 pc
)
+ (3.85±0.04). The differences between the
results of Urquhart et al. (2015) and this work are discussed
further in Section 5.7.
Mass and radius are both derived using the distance
to a source, and this may introduce artificial correlation in
M − R space. As mass is proportional to d2 and radius to
d, we would expect to find a relationship of M ∝ r2 if the
correlation in Figure 7 was purely due to the underlying dis-
tribution of source distances. We obtain a power-law index
of 1.6 from our line of best fit in M−R space, indicating that
this is not the case.
The derivation of mass for each source also allows the
maser sources to be placed in M − Σ space. The locations
of protostellar sample and the maser sources are plotted in
Figure 8, and the thresholds of Σ = 0.1 and 1.0 g cm−2 are
also shown. As stated in Section 5.1, nearly all maser sources
(94 per cent) and the majority of protostellar sources (80 per
cent) fall above the revised threshold of 0.1 g cm−2 for mag-
netised regions to form massive stars proposed by Tan et al.
(2014). Traficante et al. (2018) find an approximate thresh-
old of 0.12 g cm−2 from studies of MYSOs dark at 70 µm,
and therefore mostly starless. Our approximate lower limit
of 0.08 g cm−2 for a clump to host a class II methanol maser,
and a massive protostar to sustain it, is remarkably similar
to these estimates despite vast differences in our methods.
5.3 Luminosity
Calculated from the tabulated fluxes from each source rather
than fitting (Section 4.2), the FIR luminosity distributions
are shown in Figure 9, in addition to the specific luminosi-
ties at 70, 160 and 250 µm in Figure 10. These luminosi-
ties are given by Lλ = 4pi fλd2 for sources with distance,
with no correction for bandwidth as we are only making a
comparison between Hi-GAL fluxes. As described in Sec-
tion 2.1, the distances assigned to each MMB source are
compiled from HI self-absorption studies and supplemented
with values from previous literature using techniques such
as astrometry (Green & McClure-Griffiths 2011; Green et al.
2017; Reid et al. 2016).
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Figure 9. The far-infrared luminosity distributions of sources
that host a methanol maser (orange) and the total Galactic pop-
ulation of clumps with high-mass protostars (grey). The maser
sources have a median luminosity of 5617 L, with a 2σ lower
bound of 264 L (red). The median luminosity of the protostellar
sources is 422 L. It should be noted that for the maser sources,
the lowest luminosity sources have large distance uncertainties.
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Figure 10. The luminosities at 70 µm, 160 µm and 250 µm for the
maser (orange) and general population of protostellar MYSOs in
the Galaxy (grey), calculated from the flux in a given Hi-GAL
band multiplied by 4pid2 where d is the distance to the source.
From left to right: the maser sources have medians of L70, L160
and L250 of 1.42×10−9 L, 1.87×10−9 L and 1.83×10−9 L respec-
tively. The corresponding medians for the protostellar sources are
3.05 × 10−11 L, 7.50 × 10−11 L and 1.11 × 10−10 L, and the lower
thresholds on each luminosity for a source to host a methanol
maser (red) are 5.39×10−11 L, 9.64×10−11 L and 1.07×10−10 L.
As high-mass protostellar objects are not expected to
have far-infrared luminosities .100 L, all 16 maser-hosting
clumps with a derived luminosity below this threshold have
been checked for reliability. Sources occupying the lowest
luminosity region of the sample tend to have small helio-
centric distances, and therefore a small component of their
observed velocity relative to the local standard of rest is due
to Galactic rotation. This results in a large percentage un-
certainty on the inferred kinematic distance for these sources
relative to the majority of the sample, in addition to as yet
untested accuracy of the applied Reid et al. (2016) method
for calculating distances in the Southern Galactic plane due
to the lack of parallax measurements for comparison. The lu-
minosities of these sources are therefore poorly constrained,
with the distance distribution of low-luminosity objects in
the sample discussed further in Section 6.2.
Twelve of the 16 sources are found at near distances
(∼1-2 kpc). The uncertainty in the distance to the maser is
sufficient to account for the low luminosity, with each source
consistent with a luminosity of >100 L within 3σ. These
12 sources are therefore excluded from further distance-
dependent analysis. The remaining 4 sources have very low
derived luminosities of <20 L, and in conjunction with
other unusual derived properties. These sources are also
excluded as the SEDs are unrealistic given the expected
approximate range of source properties (false associations,
unreliable flux measurement etc.) despite being physically
valid.
The median value of LFIR is found to be 5617 L for the
maser sources, with a 2σ lower bound of 264 L used to de-
fine the minimum maser-hosting clump luminosity. The cor-
responding medians for L70, L160 and L250 are 1.42×10−9 L,
1.87 × 10−9 L and 1.83 × 10−9 L, with thresholds set at
5.39 × 10−11 L, 9.64 × 10−11 L and 1.07 × 10−10 L respec-
tively.
The protostellar sample has a median bolometric lumi-
nosity of 422 L with only 58 per cent of the sample falling
above the 264 L threshold set from the FIR estimate for the
maser sample. Although the factor of 2 over-estimation in
luminosity for the protostellar sources relative to the maser
sources is small when compared to the offset in the median
values, this further enhances the difference in average lumi-
nosity between the two populations. In order of increasing
wavelength, the matching median values of specific luminos-
ity are 3.05× 10−11, 7.50× 10−11 and 1.11× 10−10 L and the
thresholds set on specific luminosities are similarly strong,
with 41, 46 and 51 per cent of the protostellar sample meet-
ing the assumed requirement to host a methanol maser in
L70, L160 and L250 respectively.
5.4 Distance dependence and luminosity-to-mass
ratio
As shown in Figure 2, the separation between sources at
the near and far heliocentric distances about Galactic centre
is relatively distinct, and significant bimodality is observed
in subsequent parameters such as radius. The catalogued
compact sources visible with Hi-GAL are selected on their
angular scale, which corresponds to different selection crite-
ria on physical radius for the populations of objects at the
near and far sides of the Galaxy. We are therefore selecting
two different populations of objects as the sources at greater
distances are selected to be larger. Comparable objects at
nearby distances may be resolved into several objects, and
similarly the population of small clumps hosting methanol
masers on the far side of Galaxy will also not be detected.
Although nearly all masers have a counterpart detected in
at least one wavelength, we do not detect the full population
of 6.7 GHz as multiwavelength sources with Hi-GAL as 270
lack a detection all required bands.
Separating the sources into ‘near’ and ‘far’ distances
about the Galactic centre at 8.0 kpc, we select 256 and 255
maser sources at the near and far distances respectively. For
the protostellar objects, the split is skewed towards near
distances, finding 4229 at < 8 kpc and 1268 at > 8 kpc. Ta-
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Figure 11. The distribution of luminosity-to-mass ratio as derived from the far-infrared bolometric luminosity and the mass from SED
fitting for each source in the maser (orange, LF IR) and protostellar (grey, Lbol) sample. Left: The distributions of the two samples,
with the medians of 4.1 L/ M (maser) and 2.9 L/ M (protostellar) marked and thresholds taken to be the minimum and maximum
L/M to host a methanol maser marked in red at 0.39 L/ M and 44.32 L/ M respectively. Right: The position of the sources in each
sample in L-M space, with the same assumed thresholds to host a maser marked as red lines. The maser hosts are marked in orange,
with the grey contours showing the distribution of the protostellar sources. The contour levels are at intervals of 15% of the peak density
in L-M space, with the lowest contour at 1% and the highest contour at 90%.
Table 3. Median properties of the maser hosts and protostellar
clumps at heliocentric distances < 8 kpc (near) and > 8 kpc (far).
The values in brackets are the standard Gaussian errors.
Property Maser Protostellar
Near Far Near Far
d [kpc] 3.8(1.5) 11.4(1.8) 3.5(1.5) 10.7(2.1)
r [pc] 0.2(0.1) 0.6(0.1) 0.2(0.1) 0.5(0.2)
log10(M [ M ]) 2.8(0.6) 3.5(0.5) 2.1(0.8) 3.0(0.6)
log10(LFIR [ L ]) 3.4(0.6) 4.0(0.5) 2.3(0.9) 3.6(0.8)
log10(L/M [ L/ M ]) 0.7(0.5) 0.6(0.5) 0.4(0.8) 0.7(0.7)
ble 3 reports the typical distance-dependent properties for
the ‘near’ and ‘far’ objects for the maser and protostellar
objects. As expected, sources at the far distances are found
to have significantly larger radii than nearby sources, and
are a factor of ∼3 larger. Similarly, an increase in median
mass and luminosity is also found. In many cases, the un-
certainty on the distance to a source is also significant and
corresponds to an increased uncertainty in parameters cal-
culated from the measured distance relative to parameters
that are not.
The primary focus of this work is to characterise the
evolutionary status of MYSOs hosting class II methanol
masers, and we are therefore concerned with the evolution-
ary bias between the near and far sources. Mass-luminosity
diagrams are a common diagnostic used to place an MYSO
along its evolutionary sequence, with the overall trend in
the space for a sample characterised by the luminosity-to-
mass ratio, L/M. Again, we emphasise that this work defines
this as the ratio between FIR luminosity and mass, whereas
discussions in other work including Elia et al. (2017) dis-
cuss the luminosity-to-mass ratio using bolometric luminos-
ity. Although luminosity and mass are both calculated from
measured distance, this parameter is not (as both are pro-
portional to d2), giving an estimate of the evolutionary sta-
tus of a clump without introducing significant uncertainties,
and associated correlations, through the use of a distance
value. Shown in the last row of Table 3, the median L/M
for sources at the near and far distances are very similar
for the maser sources. We therefore conclude that although
we are sampling different sized clumps with heliocentric dis-
tances either side of Galactic centre, the two populations
maser hosts are of similar evolutionary status and we do
not separate them when discussing parameters that are not
dependent on the scale of a clump.
Shown in the right panel Figure 11, the methanol maser
hosts occupy a band within the protostellar regime, towards
the upper end, in a mass-luminosity diagram. Although the
median L/M of the maser sample of 4.1 is close to the pro-
tostellar sample median of 2.9, the resulting distribution is
significantly narrower for the maser host clumps, as shown
in the left panel of Figure 11. Both lower and upper limits
are therefore set on the L/M value of a clump that can host a
methanol maser, at 0.39 L/ M and 44.32 L/ M respec-
tively, marked in red on both panels. This threshold is low,
given that Molinari et al. (2016b) find the expected range of
L/M for protostellar sources to be 1 . L/M . 10. However,
our estimate of L/M is not directly comparable as we use the
far-infrared luminosity only, rather than the bolometric lu-
minosity over all frequencies. Combining the factors of 2 (due
to the definition of luminosity, Section 4.2) and 1.4 (choice
of reference dust mass opacity, Section 5.1) results in a fac-
tor of ∼3 lower L/M for the maser sources compared with
the protostellar sample from Elia et al. (2017). Accounting
for this factor enhances the offset in median between the
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Figure 12. Colour-colour diagram showing the [70-160] µm
colour against the [160-250] µm colour for the protostellar (grey
contours, from lowest to highest density in colour-colour space:
1%, 15%, 30%, 45% 60%, 75%, 90%) and maser host (orange)
sources respectively. The normalised distributions of each colour
are shown to the right of and above the scatter plot respectively,
with the medians marked in addition to the lower limit on each
colour taken as a requirement to host a methanol maser.
two samples, strengthening the conclusion that the maser
sources are, on average, found at greater L/M.
5.5 Colours
The temperature derived from fitting to the far-infrared SED
will primarily trace the cold protostellar envelope of a clump
rather than the temperature of the warm embedded proto-
star responsible for the excess of flux over the greybody value
at 70 µm. The colour of a source, defined as the logarithmic
ratio of two fluxes, can characterise the slope of an SED and
therefore the temperature of an object without full knowl-
edge of the form of the spectral energy distribution. Figure
12 displays the colour-colour diagram for the clumps from
the [160-250] µm colour and the [70-160] µm colour, with the
axis histograms showing the distribution of each. The 70 µm
flux of the maser clumps is on average stronger relative to
the 160 µm flux than the protostellar objects, resulting in a
more positive [70-160] µm colour, as is the ratio of 160 µm to
250 µm flux. This implies that the warm component respon-
sible for the emission at the shortest wavelengths is more
significant relative to the total thermal emission from all
components seen at longer wavelengths. A similar result is
obtained when considering the [70-250] µm colour, with the
medians and thresholds of the source colours for each sample
summarised in Table 4.
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Figure 13. Stacked histogram of the protostellar sources (grey)
and maser sources (orange) as a function of far-infrared luminos-
ity.
5.6 Completeness
We find the majority of methanol masers to be associated
with compact dust emission with over 95% of the maser
sources detected in at least one wavelength of Hi-GAL. How-
ever, to associate a maser with a Hi-GAL source we require
a detection in four Hi-GAL bands (70, 160, 250 and 350 µm)
and 27% do not satisfy this requirement. Also, 18% of the
maser sources are excluded from the analysis as they do not
have a distance determined.
In the following analysis of the maser sources (Sec-
tion 8.2), we derive a relation between the FIR clump lumi-
nosity and the integrated luminosity of its 6.7 GHz maser.
The line of best fit to the medians L6.7 [Jy km s−1kpc2] of
log10(L6.7) = (0.8 ± 0.1) log10(LFIR) + (0.4 ± 0.2). For a given
LFIR in L, the average scatter in 6.7 GHz luminosity is
100.6. For a clump of 100 L, the expected maser lumi-
nosity from this relation is 100 Jy km s−1 kpc2, decreasing
to 101.4 Jy km s−1 kpc2 when considering the quoted scat-
ter. At 2 kpc, these masers would have integrated fluxes of
2.0 Jy km s−1 and 0.5 Jy km s−1 respectively.
Green et al. (2017) give the luminosity sensitivity of
the MMB as 0.15 Jy km s−1, assuming a maser line to span
3 spectral channels each with a sensitivity of 0.51 Jy. Both
the average and lower bound on expected luminosity of a
methanol maser in a 100 L clump are therefore detectable
to greater than 3σ with the MMB sensitivity out to a dis-
tance of 2.7 kpc for a maser of average luminosity in a clump
of 100 L, so we consider the MMB to be complete out to
this limit.
The completeness of the Hi-GAL catalogue is harder to
assess. Elia et al. (2017) find the 90% mass completeness
limit to be better than 101.45 M for all objects closer than
2.7 kpc. Adopting a minimum luminosity to mass ratio of
-0.1 (Fig. 11), this mass limit corresponds to a luminosity
limit of 22 L, significantly below the lowest luminosity of
one of the maser sources, 100 L, suggesting that the com-
pleteness of the Hi-GAL catalogue is not an issue for our
study. The dominant issue limiting the completeness of the
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protostellar sources is the large fraction missing a reliable
distance, with only one in four sources assigned a reliable
distance.
Figure 13 displays the number of maser sources relative
to the number of protostellar sources as a function of lumi-
nosity for the entire sample. This shows a distinct lack of
maser sources relative to the number of protostellar sources
at low luminosities. Comparing the number of sources de-
tected within 2.7 kpc only (where the MMB is complete for
low luminosity sources of ∼ 100 L) we find 3 maser sources
with luminosity between 80 and 120 L and 92 protostellar
sources, a ratio of 1:31. Within the same distance, there are
24 maser sources with luminosities > 103 L and 64 proto-
stellar sources, a ratio 1:3. This is considerably larger than
for the lower luminosity sources and demonstrates that the
paucity of low luminosity maser sources is not a result of in-
completeness. Note that these values have not been corrected
for the completeness of the Hi-GAL sample. However, this
should not affect the conclusion as the Hi-GAL completeness
is dominated by sources with poorly defined distances.
A final potential consideration for the completeness of
maser studies is the effect of beaming, as the amplitude of
emission from a maser ‘spot’ can be a strong function of
the direction to the line of sight. Strong class II methanol
masers have several spectral components or spots so that sta-
tistically the beaming can be assumed to be homogeneous.
However, for lower luminosity maser sources with fewer com-
ponents, beaming may have a more significant, but difficult
to quantify, effect on the source counts.
Recent VLBI studies (e.g. Bartkiewicz et al. 2009, 2014,
2016; Pandian et al. 2011; Fujisawa et al. 2014) have found
6.7 GHz masers with a range of morphologies consistent with
several different physical origins of the maser emission within
a protostellar clump. One of these maser morphologies is a
ring structure which has been used to suggest that some
methanol masers arise in the disks associated with young
high-mass stars. Naively, it might be thought that masers
associated with some of these structures, such as disks, for
example, might have a limited range of preferred beaming
angles. However, VLBI observations have shown ring-like
structures at a range of inclination angles (e.g. Moscadelli
et al. 2010; Bartkiewicz et al. 2016; Sanna et al. 2017).
Therefore it is unlikely that there is a consistent preferred
beaming direction within most maser sites and we conse-
quently assume isotropic emission.
5.7 Summary of results
The above analysis finds, on average, that protostellar
clumps hosting class II methanol masers are hotter, more
luminous in both bolometric and single wavelength lumi-
nosities, more massive and at greater mass surface densities
than the general Galactic population of protostars, although
they are at a comparable luminosity-to-mass ratio with a
narrower distribution of values. The median properties and
standard deviations for all properties are listed in Table 4
for the maser hosting and protostellar objects, alongside the
threshold set on each property as the clump requirements to
host a methanol maser.
For comparison, the values obtained by Urquhart et al.
(2015) in their study of the ATLASGAL 870 µm dust clumps
associated with class II methanol masers have also been in-
cluded in this table. For their derivation of clump properties,
a single-temperature greybody with fixed T = 20K was as-
sumed. As for the protostellar objects, Urquhart et al. (2015)
use a difference dust mass opacity which results in system-
atically increasing our masses by a factor of 1.8 (∼ 100.3)
relative to their results. The average mass derived for maser
host clumps here is slightly smaller than the value derived
by Urquhart et al. (2015).
Converting their average H2 column density of NH2 =
1022.74 cm−2 to a mass surface density using
Σ =
71
pi
M pc−2
[
NH2
1021 g cm−2
]
(5)
and a conversion factor of 4800 M pc−2 = 1 g cm−2 (Kauff-
mann et al. 2010), we obtain a mass surface density of
log10(Σ [ g cm−2]) of -0.59±0.51. Although both mass and
mass surface density are consistent within errors, a direct
comparison of the two results is not particularly meaningful
as the significantly lower value can be mostly attributed to
the relatively larger radius averaged over each clump (av-
erage size 0.93 pc in Urquhart et al. 2015, compared with
0.42 pc in the current work). The assumption of T = 20K
will also modify the results for individual sources, but as this
is comparable to the median temperature for maser hosts of
19.5 K, it is unlikely the cause of a systematic offset in mass
surface density between the two studies.
6 REQUIREMENTS TO HOST A METHANOL
MASER
From the results presented in Section 5, the higher tem-
perature and stronger flux at 70 µm that we find for maser-
bearing clumps particularly highlights that the differences in
properties may be due to evolutionary differences. The dis-
tinct band occupied by the methanol maser hosts within the
total L/M range of the protostellar sample may imply that
methanol masers are associated with a shorter-lived phase
of protostellar evolution, appearing once an embedded pro-
tostar is sufficiently evolved to sustain the maser pumping
but dispersing before the protostar reaches its final mass,
possibly a result of the destruction of methanol in the cir-
cumstellar environment.
The thresholds set throughout Section 5 on each prop-
erty are used to identify sources capable of hosting a class
II methanol maser based on the FIR host clump proper-
ties. Applying each of the thresholds and removing clumps
associated with methanol masers from the protostellar sam-
ple, which are subject to the selection criteria stated at the
start of Section 5, 896 (out of 5497, 16 per cent) of the pro-
tostellar clumps are found to satisfy all requirements yet
have no detected 6.7GHz maser within them. With 731 of
methanol maser host clumps detected as protostellar sources
with Hi-GAL, and 647 with SEDs appropriate for analysis,
this implies that class II methanol masers are detected to-
wards only approximately half of the clumps which, based
on the properties discussed here, could host a maser.
We investigate the differences between maser hosting
and this subset of non-maser clumps further by first search-
ing for segregation between the types of objects in any com-
bination of FIR properties, followed by a comparison of these
two types of objects for sources of similar luminosities. The
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Property Maser Protostellar Threshold Urquhart et al. (2015)
Median Std. dev. Median Std. dev. Median Std. dev.
T [K] 19.5 4.6 15.3 5.6 12.5 (20) -
log10(Σ [ g cm−2 ]) -0.12 0.50 -0.47 0.60 -1.12 -0.59 0.51
r [pc]† 0.42 0.23 0.19 0.21 0.11 0.93 0.96
log10(M [ M ])† 3.16 0.66 2.31 0.82 1.84 3.28 0.67
log10(LFIR [ L ])† 3.75 0.66 2.63 0.99 2.42 - -
log10(L70 L ]) -8.85 0.71 -10.52 1.08 -10.27 - -
log10(L160 L ]) -8.72 0.64 -10.12 0.95 -10.02 - -
log10(L250 L ]) -8.74 0.62 -9.95 0.86 -9.97 - -
log10(L/M [ L/ M ])† 0.62 0.52 0.47 0.77 -0.41, 1.65 - -
[70-160] colour -0.11 0.24 -0.35 0.37 -0.58 - -
[160-250] colour 0.01 0.15 -0.13 0.30 -0.30 - -
[70-250] colour -0.11 0.33 -0.52 0.52 -0.77 - -
Table 4. Summary of all properties derived from the Hi-GAL fluxes for the clumps hosting 6.7 GHz class II methanol masers, and the
corresponding properties for the general Galactic protostellar population. Following the median and standard deviation of a property
for each set of objects, the lower threshold set as the clump requirement to host a methanol maser given by the 2-σ width of the maser
host distribution are given. For L/M , an upper threshold is also given. The final two columns give the values derived from dust emission
towards 6.7 GHz host clumps from Urquhart et al. (2015), where a dust temperature of 20 K was assumed for all clumps and we have
converted the reported average column density to a mass surface density by Equation 5.
† These properties are given for sources at near (< 8 kpc) and far (> 8 kpc) distances separately in Table 3.
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Figure 14. The distributions of maser (orange contours) and
non-maser (grey contours) sources in the plane of the first and
second principal component. The shaded overlap indicates the 896
sources maser and non-maser sources with identical properties in
the 8-dimensional infrared parameter space defined by the input
to the PCA. For each set of sources, the contour levels are at
intervals of 15% between 1% and 90% of the peak density in
PC1-PC2 space.
findings of this analysis and possible underlying physical
causes for sources to lack a detected 6.7 GHz methanol maser
are then discussed in Section 6.3.
6.1 Principal component analysis
When studying objects defined by a large number of proper-
ties (high-dimensionality), identifying trends between every
possible combination of parameters is an incredibly lengthy
task. Although we have presented the individual properties
of the methanol maser host clumps and a select few combi-
nations of these in Section 5, this is not a full investigation
of mutual trends between the properties. Failing to consider
all combinations may result in missed significant differences
between maser and non-maser protostellar objects, such as
finding maser objects to be at greater mass and luminosity
individually but finding them to be restricted to a narrow
middle band in luminosity-to-mass ratio.
Principal component analysis (PCA) provides a method
with which to reduce the dimensionality of the data by defin-
ing new variables along mutual trends in parameters, so that
we only need to consider a few variables to fully define the
clumps. In addition to identifying trends in several parame-
ters within a set of data, PCA may also be used to identify
differences in two sets of objects if they are sufficiently offset
in the original parameter space. Due to the large overlap in
each property seen in Section 5, we do not expect to find
clear separation in the new parameter space but instead de-
fine a region of overlap between the two samples to identify a
sample of objects matched in all properties to the methanol
maser hosts, but lacking a maser.
Both the maser and non-maser protostellar clumps are
taken to be defined by eight properties: L70, L250, [70− 160]
colour, [70 − 250] colour, LFIR, M, r and T . These are used
as the original variables, chosen as they are both intrinsic
properties and not necessarily related through combinations
of each other. PCA is a linear technique and to allow for
power-law dependencies between parameters, logarithms of
L70, L250, LFIR, M and r were taken prior to input to the
PCA. We find only the first two principal components, PC1
and PC2, to be significant trends. PC1 represents a mutual
increase in LFIR, L70, L250 M and r and therefore represents
the trend in observed parameters with the scale of a clump.
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An independent trend in increasing [70− 160] and [70− 250]
colours and temperature with decreasing mass and radius
forms PC2, and we interpret this as a likely evolutionary
trend. Further discussion of the individual components and
techniques is included in Appendix A.
Figure 14 displays the first and second principal compo-
nents plotted against each other with points categorised by
sample, showing clear separation in the peak location of the
maser and non-maser objects, although there is significant
overlap. The non-maser objects falling within the contours
occupied by the maser sources are the 896 satisfying the
conditions to host a methanol maser in all infrared parame-
ters. This large overlap (an approximately equal numbers of
maser and non-maser sources) confirms that whilst there are
significant statistical differences between the populations of
maser and non-maser protostellar objects, we cannot eas-
ily identify whether a MYSO will host a methanol maser
through any combination of the derived infrared parameter.
6.2 Luminosity matched comparison
Although 896 of the non-maser sources meet all individ-
ual requirements on each IR-derived property to host a
methanol maser, a comparison of these sources against maser
sources of the same luminosity excludes the scatter intro-
duced by considering objects of vastly different size, evolu-
tionary state or energy output. This allows us to examine
any subtle differences between protostellar clumps that are
matched in their IR properties to methanol maser hosts, but
lack a detection with the MMB survey.
The sources are split into three bins in LFIR: 102 −
103 L, 103 − 104 L and 104 − 105.5 L. These bins were
chosen to include a sufficient number of sources in each bin
to determine differences with significance and to include the
majority of the high-luminosity tail. The distributions of lu-
minosity within each bin are found to be identical between
the two types of object, therefore excluding any luminosity
biases in each bin as a possible cause for any other property
differences. However, the distance distribution is shown in
Figure 15 for the MMB sources in each luminosity bin and
the majority of sources in the low-luminosity bin are found
at relatively small distances. As discussed in Section 5.3,
small distances carry a much greater uncertainty and the
distance-dependent properties of these sources, such as lu-
minosity, are less reliable compared to sources at greater dis-
tances. The average properties derived here for the sources
in the lowest luminosity bin are therefore unlikely to give an
accurate characterisation of methanol maser sources with
luminosities < 1000L.
The restricted non-maser sample is compared against
the maser sources in each other IR property with the median
values shown in Table 5. Unlike the previous comparisons
shown, the differences in the median value of each property
between the non-maser and maser sources are less distinct
in comparison to the offsets reported in Section 5. The KS
test p-values between the two categories of objects are also
given to determine whether a difference in median likely cor-
responds to a difference in the underlying distribution.
For the reasons above, we consider the statistics for the
second and third luminosity bins to best reflect the physical
conditions of each sample. The most notable difference be-
tween the maser and protostellar objects, both in difference
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Figure 15. Heliocentric distance distributions of the MMB
sources with far-infrared clump luminosities between 102−103 L,
103 − 104 L and 104 − 105.5 L for bins 1 (red), 2 (grey) and 3
(blue) respectively.
in the median and statistical significance, is seen in 70 µm
luminosity with a factor of 3.2 increase in the median for
maser hosts over the protostellar objects in the mid lumi-
nosity bin between 103 and 104 L. We also see this for the
other specific luminosities at 160 and 250 µm, although the
contrast between the two median values is slightly smaller.
As noted in Section 4.2, this may be due to the inclusion
of additional wavelengths during the luminosity calculation
for the protostellar sample. However, the factor of two due
to this is not sufficient to account for the offset in the spe-
cific luminosities, and therefore this implies that the maser
sources are stronger in these shorter wavelengths than the
protostellar objects relative to their total luminosity. This
trait is also reflected in the [70-160] and [70-250] colours
which trace the inner colour temperature of a clump, and
the overall envelope temperature although these results are
less statistically significant.
6.3 Physical interpretation
A number of physical scenarios may lead to some clumps
hosting class II methanol masers and others lacking this fea-
ture. Firstly, we discount the possibility that only the most
extreme (e.g. most massive, most luminous, etc) sources may
host a methanol maser as all sources fall above the thresh-
olds on each property to host a methanol maser. Notably,
we find that sources down to a threshold of ∼ 0.08 g cm−2
are capable of hosting a methanol maser and therefore a
massive protostar, comparable to the threshold of approx-
imately 0.05 g cm−2 for massive star formation found by
Urquhart et al. (2018). As 6.7 GHz methanol masers exclu-
sively trace high-mass protostars, this suggests that this all
sources above this threshold on mass surface density may
form high-mass stars. We would also not expect to recover
differences in typically evolutionary properties such as tem-
perature and luminosity-to-mass ratio if this were the case.
Additionally, if the two types of object are distinct and only
those above some threshold in any combination of proper-
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Table 5. The median far-infrared derived properties of non-maser and maser sources when binned by luminosity to allow comparison of
sources with an approximately equivalent energy output. For each bin, the median for each category is shown alongside the KS p-value
for the two distributions.
Property Bin 1 (102 − 103 L) Bin 2 (103 − 104 L) Bin 3 (104 − 105.5 L)
Non-maser Maser KS p-value Non-maser Maser KS p-value Non-maser Maser KS p-value
No. sources 96 80 - 567 258 - 217 165 -
T [K] 15.4 17.8 10−7 17.0 19.2 10−15 19.8 21.6 10−5
Σ [ g cm−2 ] 0.24 0.44 0.003 0.34 0.70 10−13 0.66 1.08 10−4
M [ M ] 232 185 10−4 465 991 10−17 1629 3873 10−12
L70 [10−10 L ] 0.74 1.17 10−9 2.84 9.11 10−34 21.72 56.26 10−21
L160 [10−10 L ] 1.43 1.61 0.002 4.48 12.71 10−39 25.43 63.73 10−32
L250 [10−10 L ] 1.74 2.00 0.020 4.55 13.74 10−39 25.13 58.34 10−23
[70-160] µm -0.28 -0.18 10−4 -0.19 -0.12 10−5 -0.01 -0.06 0.061
[70-250] µm -0.38 -0.24 10−4 -0.19 -0.13 0.009 0.02 -0.01 0.198
[160-250] µm -0.11 -0.06 0.076 -0.02 0.00 0.074 0.03 0.05 0.065
ties host methanol masers, separation of the two categories
in principal component space would be seen.
There are three scenarios that our analysis does not con-
sider, as each would require follow-up spectral observations
towards a large number of sources to confirm. A possible case
is that the two types of objects are not distinct and that the
non-maser sources do have masers but they are not present
in the MMB catalogue due to low strengths or a beaming
angle of the maser away from the line of sight. As 6.7 GHz
maser strength shows correlation with the 70 µm luminos-
ity (Section 8.2), it is possible that the non-maser sources
host weak methanol masers due to their comparatively weak
70 µm emission. The survey of Pandian et al. (2007) has a
flux completeness limit a factor of 1.9 lower than the MMB
and detected 12 additional weak maser sources which are
not in the MMB survey (Breen et al. 2015). In the same
longitude range the MMB survey detected 93 sources, so the
weaker sources correspond to only 13% of the MMB popu-
lation. This suggests that if the non-maser sources (which
are similar in total number to the MMB sources) do in fact
have weak masers, these masers are considerably below the
MMB sensitivity, or indeed that of Pandian et al. (2007).
The deeper ‘piggyback’ survey carried out with the MMB
receiver will provide further insight on the population of
weak masers (Ellingsen et al., in prep.).
The greater variability of weak 6.7 GHz masers com-
pared with strong masers may also contribute to weaker
sources being missed by the MMB survey. However, even for
weak maser sources, the typical variability is not extreme,
with a measured mean variability of 36 per cent for sources
of peak maser flux of < 1.5 Jy (Green et al. 2017).
Finally, due to either evolutionary effects or the proper-
ties of the natal environment of a clump, chemical differences
in the circumstellar region may prevent a protostellar source
from masing at 6.7 GHz. Although plausible, these scenarios
cannot fully account for the differences in the distributions
of IR properties that we find between the two categories.
Shown in Figure 16, we consider two evolutionary sce-
narios in this work that may cause the observed differences
in the infrared properties of maser and non-maser sources,
with evolution advancing from left to right:
1) Maser sources (middle) are at a more advanced stage of
evolution and have had longer to irradiate and heat their
envelopes than the protostellar objects (left).
2) The protostars in non-maser sources have cleared their im-
mediate surroundings of dust and possibly methanol (right)
and are more evolved than the maser sources (middle).
Scenario 1 is supported by our findings that maser sources
have warmer envelope temperatures for a given luminosity
and more prevalent emission from a warm inner region at
70 µm, as indicated by greater L70, [70-160] µm colour and
[70-250] µm colour. Scenario 2 instead implies that the non-
maser sources are at a more advanced stage of evolution
than maser hosts, and have sufficiently cleared either the
methanol or hot dust from their surroundings required for
methanol maser emission. As the 70 µm emission from a
MYSO originates from hot dust in the immediate proto-
stellar environment, it is therefore also feasible that a de-
crease in L70 indicates that a source is sufficiently evolved
to remove this dust, rather than failing to strongly heat this
dust. Removing the contribution of the warm inner compo-
nent to the FIR SED of a source may also result in a lower
clump-averaged temperatures recovered from fitting, and is
a potential origin of the difference found in temperature be-
tween the non-maser and maser sources.
The MIR data can be used to probe which scenario is
more likely correct. The emission from the central regions
of a protostellar object is severely attenuated by any dusty
envelope material along the line of sight. Initially, such as
in the first scenario we are considering, very little of this
emission is expected to escape. In the final evolutionary state
shown in Figure 16, the cleared central region results in a
reduced column density of material that the MIR emission
must pass through to escape, resulting in brighter emission
from the object. In addition to this, lines of sight through the
envelope into the central regions may be cleared by outflows,
also making brighter emission more likely towards objects
in this evolutionary state. However, this may also result in
the 8 µm emission being extended, and so the source may
not be included in the GLIMPSE point source catalogue.
The bias towards nearer distances for the non-maser sources
(Section 5) may also contribute to their 8 µm counterparts
being too extended to be included in the GLIMPSE point
source catalogue.
Associating the non-maser sources with objects in the
GLIMPSE 8 µm catalogue, as done for the maser sources,
173 of the 896 (19.3%) non-maser sample have an 8 µm coun-
terpart. This is notably smaller than the 48.3% of maser
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Figure 16. The two possible evolutionary scenarios considered in this work to account for the lack of detection of a methanol maser
towards protostellar sources of identical infrared properties to clumps hosting methanol masers. Evolution increases from left to right,
with the solid lines showing the location of the dusty envelope material and the dotted lines indicating heated regions around a central
protostar (filled star). With a methanol maser source represented by the middle evolutionary state, scenario 1 considers the non-maser
sources to fall at an earlier stage of evolution, and scenario 2 considers them to be at a later stage of evolution, in which a central hole
in the dusty material has been created and outflows may be present (cones).
−13.3 −11.3
L8 [L⊙]
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
li
se
d
N
s
o
u
r
c
e
s
L = 102 − 103 L⊙
−13.3 −11.3
L = 103 − 104 L⊙
−13.3 −11.3
L = 104 − 105.5 L⊙
Figure 17. The distribution of 8 µm spectral luminosities for
maser (orange) and non-maser (grey) sources with a counterpart
in the GLIMPSE point source catalogues, binned by FIR lumi-
nosity (increases left to right). The number of sources in each
distribution and the values of the marked medians are given in
Table 6.
sources found with 8 µm GLIMPSE point sources counter-
parts. The distributions of 8 µm luminosities for the maser
and non-maser objects are shown in Figure 17 and sum-
marised in Table 6. On average the 8 µm luminosities of the
non-maser sources are found to be greater than the maser
sources, a result evident as a significant difference through
the use of KS tests. There is a more noticeable difference
between the categories in the [8-70] µm colour, shown in Fig-
ure 18.
Finding the non-maser sources to have brighter 8 µm
counterparts is unlikely if the underlying evolutionary sce-
nario is that these sources are less evolved. This therefore
supports the suggestion that the matched non-maser sources
are in a more evolved state. However, it should be noted that
a significant number of objects in each sample are not asso-
ciated with a compact 8 µm counterpart.
As mentioned previously, there is a large overlap in all
properties for the two types of clump and they are therefore
not distinct types objects as seen in the infrared. A detailed
investigation of all differences responsible for this behaviour
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Figure 18. The distributions of [8-70] µm colour for maser (or-
ange) and non-maser (grey) sources binned by FIR luminosity
with a counterpart in the GLIMPSE point source. The distribu-
tion medians are given in Table 6.
requires follow-up observations. Observations to determine
the chemistry of the two types of region would be beneficial,
and detection of class II masers that are too weak to detect
with the MMB or angled away from the line of sight would
also result in re-categorisation of some non-maser objects.
To assess the plausibility of this evolutionary scenario,
we consider the relative lifetimes of the two scenarios implied
by the number of sources in each, taking the maser sources
to occupy the mid evolutionary state in Figure 16 and the
matched protostellar sources to occupy the final scenario. A
comparison of the total number of sources in each category
requires quantification of the sources missing from the total
count for both the maser-bearing sources and the catalogue
of Elia et al. (2017). In Section 5.6 we determined that the
MMB is complete in methanol masers hosted by clumps of
> 100L within 2.7 kpc, and that we do not miss a signifi-
cant number of nearby methanol maser sources due to sen-
sitivity. However, the number of clumps hosting methanol
maser sources requires correction for by the percentage not
detected over multiple wavelengths in Hi-GAL as well as the
percentage of the sample that lacks a reliable distance value.
As we do not detect 33% of maser host clumps over all re-
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Table 6. Median values for the mid-infrared properties derived from 8 µm data for the maser and non-maser objects with a counterpart
in the GLIMPSE catalogues to investigate the likelihood of each scenario shown in Figure 16. The sources are binned in luminosity, with
the sample median in each bin given for the two types of object, with the KS p-value reported in the bottom row. The corresponding
distributions are shown in Figure 17 and 18.
Bin 1 (102 − 103 L) Bin 2 (103 − 104 L) Bin 3 (104 − 105.5 L)
No. L8 [10−12 L ] [8-70] µm No. L8 [10−12 L ] [8-70] µm No. L8 [10−12 L ] [8-70] µm
Non-maser 18 0.70 -2.04 128 2.59 -2.05 27 4.24 -2.52
Maser 46 0.09 -2.85 118 1.34 -2.84 79 3.75 -3.16
KS p-value - 10−8 10−8 - 10−9 10−14 - 10−11 10−11
quired Hi-GAL bands and lack a distance for 18% of the
sources in the sample, the total correction factor to obtain
the true number of methanol maser hosts is 1.8. A factor
of 4 correction is required for the protostars to account for
those objects without reliable distance determinations.
Within 2.7 kpc we find 50 maser sources and 9 matched
non-maser sources, corrected to 90 and 36 sources respec-
tively following the above. This implies the lifetimes to be
within a factor of approximately 2.5, which we take to be
reasonable for the proposed evolutionary scenario.
In the case that a significant population of 6.7 GHz
masers have a preferred beaming direction (such as a cir-
cumstellar disks with a restricted beaming angle centred on
the disk planes), we would expect a population of matched
maserless sources identical to the host clumps. However, the
sources without a detected maser are found to be weaker
at 70 µm, less likely to be associated with a point-like 8 µm
counterpart and more luminous at 8 µm, and so are not an
identical population to the maser host clumps. This result
suggests that it is unlikely that a significant fraction of the
Galactic class II methanol maser population have a preferred
beaming direction, consistent with recent VLBI observations
(Sec. 5.6).
7 MID-INFRARED RESULTS
For the 292 maser host clumps with a counterpart identi-
fied at both 8 µm and 22/24 µm, the colour-colour diagram
between the [8-24] µm and [70-160] µm colour is shown in
Figure 19, displaying no evidence of correlation. For the
maser sources with 8 µm and 24 µm counterparts identified,
the [70-160] µm colour is narrowly distributed with a 1-σ of
0.20 about a median of -0.10. The [8-24] µm colour shows a
larger scatter, with a median of -1.48 and standard deviation
of 0.55. A similar result is obtained for the [8-24] µm and [24-
70] µm colour-colour diagram shown in Figure 20, where the
[24-70] µm colour has a median of -1.51 and standard devia-
tion of 0.43. A likely cause of the increasing scatter at 8 and
24 µm is the dependence of flux on the viewing angle of the
clump as the increase in opacity towards shorter wavelengths
causes a high dependence on the amount of obscuring enve-
lope material along the line of sight. For example, a line of
sight cleared of dust through outflow activity results in a
greater flux than if the same object was observed perpen-
dicular to the outflow axis. Often observed to be associated
with water maser emission, an outflow system such as this
is a likely scenario for the clumps hosting methanol masers.
The final mid-infrared data associated with the
methanol masers in this work is the catalogue of EGOs
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Figure 19. Colour-colour diagram of mid-infrared [8-24] µm
colour against [70-160] µm colour shown in Section 5.5 with the
axis scale set to be equal. The respective marginal distributions
are shown for each property, with the medians marked in red at
-1.48 and -0.1 for [8-24] µm and [70-160] µm colour respectively,
with corresponding 1-σ widths of 0.55 and 0.20.
produced by Cyganowski et al. (2008), with counterparts
again identified through positional association with a maxi-
mum separation of 5 arcsec. The survey limits of GLIMPSE,
from which this catalogue is derived, contain 528 of the 647
methanol masers in the sample. Of these, 86 are found to
display EGO emission, yielding an association percentage
of 16.3 per cent. The 6.7 GHz masers with an associated
EGO are found to be indistinct in every derived property
of the host clump aside from the mass surface density. As
shown in Figure 21, the clumps with an EGO are found at
a median mass surface density of 1.61 g cm−2, which is sig-
nificantly greater than that of those without an EGO (KS
p-value ∼ 10−9) with a median value of 0.60 g cm−2.
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Figure 20. The [8-24] µm colour plotted against [24-70] µm
colour with the axis scale set to be equal. As shown in the
marginal distribution on the y-axis, the [8-24] µm colour has a
median of -1.48 (red) and standard deviation of 0.55. Similarly,
the [24-70]/microns colour has a median of -1.51 and a standard
deviation of 0.43.
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Figure 21. Distribution of surface densities for maser host
clumps with (red) and without (grey) an associated EGO, with
respective medians of 1.61 g cm−2 and 0.60 g cm−2 marked by the
vertical lines.
8 EVOLUTIONARY DIFFERENCES IN
MASER ASSOCIATIONS
8.1 Identification of counterpart masers
All maser catalogues detailed in Section 2.2 were used to
find other maser emission arising from similar on-sky coor-
dinates, and therefore the same protostellar host clump, for
each 6.7 GHz maser in the sample selected for this work. The
survey range for both the 12.2 GHz and excited hydroxyl
masers matches that of the MMB survey as the 12.2 GHz
study was a targeted follow-up to all MMB sources by Breen
et al. (2012a,b, 2014, 2016) and the ex-OH masers reported
by Avison et al. (2016) which were co-observed during the
MMB survey. An ex-OH maser is taken to be associated with
a 6.7 GHz source if the on-sky separation is less than 2.0 ′′.
Breen et al. (2018) also identified associations between the
6.7 GHz MMB masers and the water masers from the HOPS
data, with positional association a more complex task due
to the less localised nature of water maser emission. The au-
thors take this into account, and 6.7 GHz methanol maser
is associated with a water maser if a HOPS maser spot falls
within 2.0 arcsec.
A full analysis of maser associations and their number
statistics over the full Galactic Plane is presented in Breen
et al. (2018). For this work, we are only concerned with
investigating population differences in FIR-derived proper-
ties of protostellar clumps hosting 6.7 GHz class II methanol
masers based on the presence of additional maser emission,
i.e. to allow determination of whether certain masers de-
fine a particular evolutionary stage or subset of class II
methanol maser hosts. Within our sample of 647 Hi-GAL
bright masers, 291 are listed to have observed 12.2 GHz emis-
sion and from the sample of 127 ex-OH masers, 32 are as-
sociated with a clump in the Hi-GAL bright 6.7 GHz host
sample. Over a limited range of 20◦ in Galactic longitude,
31 of 143 clumps are also associated with ground state hy-
droxyl maser sites detected with the SPLASH survey. From
the 501 host clumps within the HOPS survey region, 122
are associated with water maser emission. The percentage
of methanol masers also associated with a water maser im-
proves with the addition of the more sensitive Titmarsh et al.
(2014) and Titmarsh et al. (2016) studies towards a subset
of 217 of these clumps, giving 110 associations.
8.1.1 12.2 GHz class II methanol masers
As for the 6.7 GHz maser line, the 12.2 GHz class II methanol
masers are radiatively pumped by the re-emission of the
strong UV radiation from the embedded protostar as in-
frared by nearby dust, and therefore are also co-located with
the central protostellar object in a MYSO. This is the most
common additional maser line observed towards the 6.7 GHz
host clumps, with approximately half (291 of 647) of the
sample exhibiting both lines. We find no difference between
the 12.2 GHz maser properties in the sample in this paper
and the complete sample of 431 12.2 GHz masers detected in
the follow-up study (Breen et al. 2012a,b, 2014, 2016, Sec-
tion 2.2). Similarly, the percentage of 6.7 GHz masers with
an additional 12.2 GHz detection is not found to be a func-
tion of distance and is approximately constant at 45 per
cent. Both of the above indicate that we have not biased the
sample of 6.7 GHz masers also with 12.2 GHz detections by
selecting only those with visible Hi-GAL counterparts, and
our sample is representative of the entire population.
Figure 22 shows the distributions of the FIR-derived
properties for the host clumps with and without 12.2 GHz
maser emission detected. The medians and KS p-values
shown in the top row of Table 7 are used to determine which
properties display a significant difference based on this cate-
gorisation. A significant difference is found in the mass sur-
face density (Figure 22, second panel from left). Clumps
emitting at 12.2 GHz have at a median surface density of
0.94 g cm−2 whereas the clumps with no 12.2 GHz emission
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Table 7. The median properties of 6.7 GHz host clumps associated with a secondary maser of a given type, and for clumps lacking the
same maser. The KS p-values are also given to assess whether the presence (or lack) of the maser holds any significance for each clump
property.
Maser Number T [K] Σ [ g cm−2 ] M [ M ] LFIR [ L ] L/M [ L/ M ]
12.2 GHz CH3OH with 291 20.2 0.94 1440 6410 3.95
without 356 19.2 0.60 1270 4420 4.50
p-value - 0.072 ∼ 10−5 0.12 0.004 0.15
OH with 31 22.0 1.53 1806 14330 7.02
without 112 18.3 0.87 1538 4315 2.60
p-value - ∼ 10−4 0.003 0.14 0.025 ∼ 10−4
Ex-OH with 32 22.2 1.61 1420 9040 7.82
without 615 19.4 0.74 1340 5220 4.04
p-value - 0.012 ∼ 10−4 0.97 0.12 0.005
HOPS H2O with 122 21.1 1.36 1570 9100 5.69
without 379 19.3 0.67 1290 4800 3.96
p-value - 0.002 ∼ 10−8 0.26 0.006 0.004
T14/T16 H2O with 110 20.2 0.95 1884 8854 4.72
without 107 17.9 0.72 2133 7649 2.79
p-value - 0.009 0.059 0.94 0.16 0.005
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Figure 22. Distributions of the host clump properties derived in Section 5 categorised into clumps also associated with a 12.2 GHz class
II methanol maser detected (red) and those without (black). The median values of each distribution are given in Table 7.
have a much lower sample median of 0.60 g cm−2, although
this is still significantly higher than that of the general pro-
tostellar population. The median luminosities are 6410 and
4220 L respectively for clumps with and without 12.2 GHz
emission, and the host clumps with 12.2 GHz are found to
be more luminous (p-value of 0.004). Although there is a
small increase in median temperature in sources which host
a 12.2 GHz maser, we do not find this to be statistically sig-
nificant, similar to the result found by Breen et al. (2018)
for similar samples.
8.1.2 Hydroxyl masers
Ground-state and excited-state OH maser lines are pumped
by a combination of collisional and radiative processes (pre-
dominantly the latter, Field & Gray 1988; Cragg et al. 2002).
The ground state are found offset from the central protostar,
typically associated with the edge of the enveloping ultra-
compact Hii region, whilst the excited-state are more closely
bound to the protostar (e.g. Fish 2007; Caswell et al. 2009;
Chanapote et al. 2019). Due to the association with the for-
mation of an Hii region, we expect to find IR properties
typical of the more advanced stages of protostellar evolu-
tion towards objects with a hydroxyl maser.
As described in Section 2.2, the excited state hydroxyl
transition at 6035 MHz was co-observed during the main
MMB survey, therefore providing full coverage of the sam-
ple of Hi-GAL bright MMB masers for associations. The
clumps associated with both a 6.7 GHz methanol maser and
an ex-OH maser are the smallest sample considered in this
work with only 32 members, and statistically significant re-
sults are therefore more challenging to obtain. The distribu-
tions and median values of the IR properties are displayed
in the bottom row of Figure 23 and Table 7 respectively
for methanol masers associated with an ex-OH maser and
those without. Despite the small sample size, we find sta-
tistically significant increases in T, Σ and L/M for clumps
also associated with an ex-OH maser, with large increases
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in median value for each. A median temperature of 22.1 K
and mass surface density of 1.61 g cm−2 are consistent with
the increase in temperature and surface density expected
in the later stages of collapse, further supported by an in-
crease in median L/M to 7.82 L/ M. There is no statis-
tical evidence to suggest a difference in mass or luminosity
between clumps with and without an ex-OH maser, and this
IR analysis implies that the presence of an ex-OH maser is
an evolutionary trait as opposed to occupying only the most
luminous or most massive objects.
In addition to the ex-OH masers, the associations be-
tween SPLASH ground state OH maser sites and MMB
masers performed by Qiao et al. (2016) and Qiao et al.
(2018) are also used to separate the methanol maser sample
into those with and without an association. Only the 143
clumps within the two SPLASH regions of 334◦ < l < 344◦
and −5◦ < l < 5◦ through the Galactic centre are considered,
giving a 31 masers associated with a ground-state OH tran-
sition and 112 without. As for the ex-OH masers, we find
a comparable increase in median clump temperature, mass
surface density and luminosity to mass ratio for 6.7 GHz
clumps associated with a ground state OH maser, with no
distinction in clump mass. A significant increase in lumi-
nosity is also found towards methanol maser clumps with a
secondary ground-state OH maser.
8.1.3 Water masers
The final maser association considered in this work is with
water masers. These fundamentally differ from the previous
maser types in that they are collisionally pumped, found in
the regions associated with protostellar outflows and shocks
in both high and low-mass star formation. This implies that
the switch-on of secondary water maser emission in class II
methanol maser sources may be at a slightly later evolu-
tionary stage than the onset 6.7 GHz maser emission as an
outflow system must have sufficient time to develop from
the protostellar feedback. However, the presence of a wa-
ter maser can occur under other conditions aside from out-
flow activity in a massive star forming region, such as other
shocks and PAH emission (Breen et al. 2014). To draw any
conclusions about the switch-on of water masers in a 6.7 GHz
host clump, the assumption that they occupy a singular, al-
beit broad, stage of the evolutionary sequence of a massive
star forming clump must be made. Breen et al. (2018) have
shown that the inclusion of weak water masers in addition
to those detected with HOPS would likely result in a Galac-
tic water maser count in excess of the 6.7 GHz population,
even when accounting for those associated with low-mass
star formation and evolved stars. This implies that this is
a strong assumption, and any conclusions drawn about the
placement of water masers in the evolutionary timeline for
6.7 GHz sources is both only approximate and strictly only
valid for sources also exhibiting luminous class II methanol
maser emission.
Section 2.2 details the two studies considered in this
work for water maser associations. The HOPS data provides
the largest Galactic plane coverage for water maser detec-
tions, with 122 of the 501 maser host clumps within the
survey range associated with a HOPS maser. However, the
detection of water masers with HOPS is limited by the sur-
vey sensitivity of ∼5-10 Jy. The targeted follow-up study of
water masers towards MMB sources presented in Titmarsh
et al. (2014) and Titmarsh et al. (2016) reaches a sensitivity
of ∼1.6 Jy between Galactic longitudes 341◦ and 20◦ through
the Galactic centre. For the 217 Hi-GAL bright methanol
maser clumps in this restricted longitude region, the Tit-
marsh et al. studies recover all 54 HOPS masers associated
with an FIR bright maser clump in our sample and provides
an additional 56 associations (110 total). The distribution of
peak flux for secondary masers assigned to the MMB host
clumps for the two surveys is shown in Figure 24, showing
the extra water masers that Titmarsh et al. (2014, 2016)
find at low flux densities relative to HOPS when comparing
the two regions that have been observed with both surveys.
The distribution of peak flux densities of all HOPS masers
found to be associated with a Hi-GAL bright 6.7 GHz clump
is also shown in shaded grey. Whilst the HOPS sample is
likely to return more statistically significant results by pro-
viding broader coverage, we make use of the second sample
to confirm whether observed differences in the properties of
HOPS associated clumps are likely caused by the sensitivity
of HOPS.
Restricted to the range of the HOPS survey to ensure
uniform coverage of the sources for association, the sources
with a water maser detected in HOPS are found to be hotter,
at higher mass surface density, more luminous and at greater
L/M on average with statistical significance, although the
median values shown in Table 7 are still somewhat lower
than those obtained for the ex-OH clumps. The distributions
of clump properties for sources with and without a secondary
HOPS maser are shown in Figure 25.
Performing the same analysis with this restricted longi-
tude range as for the HOPS associations, the sample medians
and distributions for clumps associated with a Titmarsh et
al. water maser are also shown in Table 7 and Figure 25.
Whilst the statistically significant average increase in tem-
perature and L/M towards the clumps with a secondary wa-
ter maser is also found for this sample, the clear statistical
distinction in mass surface density and luminosity is not.
This is plausibly due to the sensitivity of HOPS, as the FIR
clump luminosity is found to be correlated with the 6.7 GHz
maser luminosity in Section 8.2, and the luminosity of a sec-
ondary water maser has in turn found to be correlated with
the 6.7 GHz methanol maser (Titmarsh et al. 2014, 2016).
It is often similarly assumed that the water masers hosted
in clumps with higher mass surface density are likely to be
more luminous and so above the HOPS sensitivity thresh-
old as higher densities enhance the collisional pumping of the
maser line, although it should be noted that Elitzur et al.
(1989) find that this is not consistent with their model.
8.2 Relationship between infrared and maser
properties
The FIR properties of the host clumps may also be compared
to the properties of a host maser itself. For each 6.7 GHz
maser, the MMB catalogue entry contains the peak flux,
the flux integrated over the maser line and the maximum
and minimum velocity obtained from the spectrum, giving
an observed velocity range. Each of the above maser prop-
erties was checked for correlation with the FIR properties
obtained, with maser luminosity L6.7 derived from the inte-
grated flux of the line where a comparison of intrinsic quan-
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Figure 23. For clumps with (red) and without (black) a secondary hydroxyl maser detection, the distributions of host clump properties
are shown with the marked median values given in Table 7. The top row shows the distribution of secondary ground state hydroxyl
masers detected for clumps within the SPLASH survey region. The bottom row displays the distribution of properties for clumps with
excited state hydroxyl masers, covering all MMB sources. The number of masers in each bin with an ex-OH maser has been scaled up
by a factor of 10 for visibility.
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Figure 24. The peak flux density distributions for HOPS and
the Titmarsh et al. samples of Galactic water masers that are
associated with an MMB maser, showing a significant increase in
the number of weak water masers recovered by the Titmarsh et
al. samples (blue) relative to the HOPS detections in the same
Galactic longitude range (black). The distribution of fluxes for
the HOPS masers over the much larger entire survey range is also
shown (grey shaded).
tities is required. We note here that we follow the convention
of Green et al. (2017) and include a factor of 4pi when cal-
culating maser luminosity.
No clear correlation is found for any maser property
with T , LFIR, M, Σ, L/M or any far-infrared or mid-infrared
colour shown in Sections 5.5 and 7. L6.7 is shown against
host clump L70 in Figure 26 and a general trend of increas-
ing maser luminosity with 70 µm luminosity is found for the
sample. When logarithmically binned in L6.7, the line of best
fit through the median L70 values returns a relationship of
log10(L70) = (0.46 ± 0.04) log10(L6.7) + (3.1 ± 0.1), with 70 µm
luminosity given in L and 6.7 GHz maser luminosity in
units of Jy km s−1 kpc2. Perhaps more clearly than the over-
all trend is the appearance of an apparent minimum 70 µm
flux required to sustain a maser of a given luminosity. An
approximation of this limit is found from taking the line of
best fit through the 5th percentile in each bin, returning a
steeper line of log10(L70) = (0.59±0.03) log10(L6.7)+ (1.6±0.1)
in the same units. As both properties are dependent on the
square of the source distance, the slope in logarithmic space
would be 1 if this minimum was simply an effect of the flux
sensitivity limit of both surveys. Given that the slope is sig-
nificantly less than 1, we conclude that this effect is physical
in origin.
Similarly, for the secondary masers present in a 6.7 GHz
host clump, a comparison of IR clump luminosity with maser
luminosity can be made. In addition to the 6.7 GHz masers,
integrated maser luminosities have also been calculated for
the 12.2 GHz class II methanol masers, H2O masers from
Titmarsh et al. and the SPLASH OH masers. As several
OH masers detected in the SPLASH survey may be asso-
ciated with a single MMB 6.7 GHz maser, the integrated
OH luminosity of a clump is taken to be the sum of the in-
tegrated luminosities over all of its individual OH masers.
This shows correlation between the clump and maser lumi-
nosities in each case, but also that the scatter about the
average trend is significant. We take the average absolute
offset from the line of best fit in both maser luminosity (y-
direction) and clump luminosity (x-direction) to quantify
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Figure 25. The distributions of properties for methanol maser clumps with (red) and without (black) a water maser detected in top:
the HOPS survey and bottom: the Titmarsh et al. MMB follow-up studies. The median values for each distribution are given in Table 7.
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Figure 26. For maser host sources with a distance value avail-
able in the MMB catalogue, the 6.7G˙Hz methanol maser luminos-
ity (integrated over the maser line) is shown against the 70 µm
clump luminosity for each source. Binning in maser luminosity,
the general trend between the two properties is characterised by
the line through the median 70 µm luminosity (yellow) in each
bin, given by log10(L70) = (0.46 ± 0.04) log10(L6.7) + (3.1 ± 0.1) and
shown with the standard deviation in each bin. Similarly, an ap-
proximate lower threshold on the required 70 µm flux to sustain
a class II methanol maser of a given luminosity is given by the
5th percentile in each bin (red), with a the line of best fit given
by log10(L70) = (0.59 ± 0.03) log10(L6.7) + (1.6 ± 0.1). The 70 µm
luminosity and maser luminosity are given in units of L and
Jy km s−1 kpc2.
Table 8. The lines of best fit and average deviation from this
line in each direction for maser luminosity against host clump
FIR luminosity. From left to right, the columns are: maser type,
number used to calculate the line, the line of best fit parameters of
the form log10(Lm) = p1 log10(LFIR)+p2, and the average absolute
logarithmic offset from this line in clump luminosity and maser
luminosity (x- and y-direction respectively in Figure B1).
Maser N Fit parameters Average offset
p1 p2 log10(LFIR) log10(Lm)
6.7 GHz 511 0.8 ± 0.1 0.4 ± 0.2 0.7 0.6
12.2 GHz 219 0.7 ± 0.1 0.0 ± 0.3 0.9 0.6
H2O 67 0.7 ± 0.1 1.5 ± 0.5 0.7 0.5
OH 18 0.9 ± 0.2 −0.5 ± 0.9 0.4 0.4
this scatter, with each of these given alongside the line of
best fit parameters in Table 8. In each case, approximately
half an order of magnitude of scatter in maser luminosity is
found for a given clump luminosity, and vice versa. This re-
sult is unsurprising given that maser luminosity depends on
stochastic properties, such as coherence and beaming, and is
consistent with the long-term variability found by Ellingsen
(2007). This therefore implies that although a correlation is
evident, the use of one given luminosity to predict another
in a host clump from the line of best fit relationship is only
accurate to an order of magnitude at best, and that a 1:1
correlation of the two properties is not representative of the
data.
The correlation between the luminosity of the 6.7 GHz
maser and secondary masing species in a host MYSO has
also been studied for the targeted MMB follow-ups, so as
in Breen et al. (2016) and Titmarsh et al. (2014, 2016)
for the 12.2 GHz and water masers respectively, we present
this for the host clumps in this sample and the SPLASH
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OH masers. As for the correlations between maser and host
clump luminosity, the line of best fit is given by log10(LOH) =
(0.6 ± 0.2) log10(L6.7) + (0.5 ± 0.7), with an average logarith-
mic scatter of 0.7 in 6.7 GHz luminosity and 0.4 in total OH
luminosity from this line.
The accompanying plots for these correlations are pre-
sented in Appendix B
8.3 Comparison of all associations
Comparison between the types of secondary maser associa-
tions allows the relative evolutionary stage of the protostel-
lar host clump in each category to be assessed through its
typical IR properties. In addition to the above associations,
we consider two more categories: ‘solitary’ 6.7 GHz methanol
masers for which no additional masers have been identified,
and ‘associated’ masers, in which the host clump has one or
more additional masers of any type detected.
To ensure that all methanol maser host clumps are
equally checked for secondary masers, the longitude range
of the associated and solitary categories must be equal to
the smallest survey range considered. Due to the small on-
sky coverage of the Titmarsh et al. and SPLASH surveys,
the sample sizes that would remain by restricting to their
common coverage would be challenging to obtain statisti-
cally significant results from. We therefore do not use these
surveys when determining whether a 6.7 GHz host clump
also contains a secondary maser and falls within the ‘associ-
ated’ category. As shown in Section 8.1.3, the HOPS survey
recovers the strongest water masers. The ‘associated’ cate-
gory is therefore characterised by the presence of a second
class II methanol maser line at 12.2 GHz, an excited-state
hydroxyl maser or a strong water maser, and the ‘solitary’
category may have weak water masers or ground-state hy-
droxyl masers present. The remaining survey with the small-
est on-sky coverage is HOPS, and the new number of sources
and median properties for each category when restricting to
this region are displayed in Table 9.
Figure 27 shows all properties as box-and-whisker plots
to identify trends between the categories. We note that the
mass distributions of each category are statistically indis-
tinct from one another, implying that the appearance of any
given secondary maser is not mass dependent given that a
host clump is sufficiently massive to host a class II methanol
maser. In each of the other properties, one or more sec-
ondary masers of any type present in a clump traces sources
of greater T , Σ, L and L/M on average, relative to solitary
6.7 GHz masers. As expected from previously proposed evo-
lutionary schemes such as that of Breen et al. (2010) and
taking T , L and Σ to increase simultaneously with evolution,
clumps with 12.2 GHz emission are found to be at an earlier
evolutionary stage than those with secondary excited hy-
droxyl masers. Similarly, these results alone imply that the
onset of water masing occurs at a later time than the switch-
on of 12.2 GHz emission. However, Section 8.1.3 shows that
the detection limit of HOPS limits this conclusion to the on-
set of strong secondary water masing. The use of the more
sensitive Titmarsh et al. samples removes the statistically
significant difference in the distribution of Σ for sources with
and without a water maser. Although the difference in T and
L/M remains, constraining the evolutionary state of clumps
with 6.7 and 22 GHz water masers will require a greater lon-
gitude coverage with a sensitive survey. When considering
these results, it should still be noted that the overlap in
both proposed evolutionary stage and the IR properties of
host clumps in each association category is considerable.
8.4 Timeline of secondary masers
As in Breen et al. (2010), the statistical lifetime of each
secondary maser phase within the 6.7 GHz lifetime can be
estimated from the number of clumps associated with each
and a timeline constructed. The lifetimes estimated here are
only for clumps that simultaneously host a class II methanol
maser alongside each type of secondary maser, and we do not
sample other evolutionary states which may be associated
with these masers outside of the 6.7 GHz lifetime. We cal-
culate the relative lifetime of each secondary maser species
from the percentage of 6.7 GHz masers and the results are
given in Table 10. As each of the input surveys has different
detection limits due to varying sensitivities, each of these
relative lifetimes is a lower bound on the true value as unde-
tected weak secondary masers may be present. An example
of this is the difference in lifetime estimates from the HOPS
survey of only bright water masers and the more sensitive
survey by Titmarsh et al. (2014, 2016), with the detection
of weak water masers significantly increasing the estimated
lifetime. Converting the relative timescales requires an es-
timate of the lifetime 6.7 GHz maser. van der Walt (2005)
estimate the lifetime to be between 2.5×104 and 4.5×104 yr,
with Billington et al. (2019) recently deriving a consistent
lifetime of 3.3×104 yr from analysis of data from the ATLAS-
GAL survey.
An estimate of the relative location of each secondary
maser within the 6.7 GHz lifetime is given by the statistical
overlap between each species. For example, 60% of the ex-
OH masers are found in clumps that also host a 12.2 GHz
maser, and this implies that the two lifetimes should over-
lap by 60% of the ex-OH lifetime given in Table 10. As this
method does not identify whether a maser species should
overlap with the start or end of the lifetime of another
species, the order of appearance within this scheme is given
by the sequence of increasing LFIR/M shown in Figure 27.
The switch-on time of secondary masing is also not con-
strained by this method, and so the location of this sequence
within the lifetime of a 6.7 GHz maser is not fixed.
Considering the overlap between multiple different sec-
ondary species also yields different locations within the time-
line for both the OH and ex-OH masers. The black lines in
Figure 28 are the locations calculated from the overlap with
12.2 GHz masers for each species, and the red and orange
from the overlap with water and OH similarly.
It has been assumed that all maser types to form an evo-
lutionary sequence and occupy single sub-phases of the life-
time of 6.7 GHz masing. As we have already selected sources
in a constrained evolutionary state through the presence of
a 6.7 GHz maser, it seems unlikely that there are several dis-
tinct sub-categories of object within this sample each with
the conditions required to host each type of radiative sec-
ondary maser. However, this may be less true for the water
masers as the collisional pumping is dependent on the in-
teraction of a protostar with its environment (Breen et al.
2014). For this reason, water masers are much more difficult
to reliably place on an evolutionary timeline using only sta-
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Table 9. Median properties of 6.7 GHz maser host clumps categorised by secondary maser assessed within the same range of Galactic
latitudes, including a ‘solitary’ category for which no secondary masers are found and an ‘associated’ category for which any additional
maser is identified.
Category Number (%) <T> [K] <Σ> [ g cm−2 ] <M> [ M ] <L> [ L ] <L/M> [ L/ M ]
All 501 (100) 19.6 0.80 1470 5340 4.14
Solitary 204 (41) 19.0 0.55 1440 4190 3.61
Associated 297 (59) 20.0 0.97 1470 6630 4.73
12.2 GHz 232 (46) 20.0 0.96 1360 6380 4.53
H2O 122 (24) 21.0 1.36 1570 9100 5.61
ex-OH 29 (6) 21.7 1.53 1360 8970 7.73
Table 10. Relative lifetimes of each secondary maser found in clumps hosting a 6.7 GHz methanol maser. The percentage of clumps
associated with each secondary maser have been calculated from the values in Table 7.
Species Percentage Lifetime (lower-upper) [104 yr]
6.7 GHz 100 (reference) 2.5 - 4.5
12.2 GHz 45.0 1.1 - 2.0
H2O (HOPS) 24.4 0.6 - 1.1
H2O (T14/T16) 50.7 1.3 - 2.3
OH 21.7 0.5 - 1.0
ex-OH 4.9 0.1 - 0.2
tistical overlaps, and this is seen in incorporating the water
masers detected in Titmarsh et al. into Figure 28. Similarly,
the narrow lifetime and the uncertainty in positioning in the
timeline of the ex-OH masers perhaps suggests that their
presence is linked to very specific conditions, which may not
be simply related to the evolutionary state of a protostar.
The small sample sizes of clumps with OH and ex-OH
secondary masers contributes significant uncertainty to the
statistical lifetime estimates, and is also a likely source of
the uncertainty in their location within the evolutionary
timeline when considering different overlaps. Additionally,
the location changes when calculated from the overlap with
the HOPS masers as these sample only bright water maser
sources. It is also important to note that the lifetime of the
ex-OH masers is a lower limit as several host clumps are sat-
urated in the Hi-GAL maps and are therefore not included
in our sample. When considering the entire sample of ex-
OH masers, Avison et al. (2016) estimate a lifetime between
3.3×103 and 8.3×103 yr while the statistical lifetime of 1×103
to 2 × 103 yr is found in this work.
Determining the switch-on time of a secondary maser
species within the 6.7 GHz lifetime requires a robust evolu-
tionary tracer that can be mapped to time. In principle the
luminosity to mass ratio, for the appropriate circumstellar
mass, could provide such a tracer, but its relationship to
time is not well determined and may be a function of initial
mass, and/or the ultimate stellar mass (and luminosity).
9 SUMMARY
We have characterised a complete sample of MYSOs hosting
6.7 GHz methanol masers through combination of ∼ 1000 of
these masers detected with the Methanol MultiBeam survey
and compact source catalogues for each of the Hi-GAL wave-
lengths over the full Galactic plane. We associate 96% of all
masers with a compact source in at least one Hi-GAL wave-
length. We find 73 per cent of all MMB class II methanol
masers to be associated with a compact source in four Hi-
GAL bands, yielding a sample of 647 maser host clumps
for further analysis following removal of sources with unreli-
able flux estimates. For maser-bearing clumps of far-infrared
luminosity ≥ 100L, we find the MMB to be complete to
2.7 kpc, taking both weak methanol masers and beaming
into consideration.
Our key results are as follows:
i) We have derived the typical properties of the massive pro-
tostellar clumps hosting MMB masers by fitting to their
far-infrared spectral energy distributions. The maser host
clumps on the near and far side of the Galactic centre (taken
to be at a heliocentric distance of 8.0 kpc) represent different
populations due to the selection angular size used to create
the Hi-GAL compact source catalogues. The typical mass,
radius and far-infrared luminosity of nearby sources (median
distance 3.8 kpc) are 630 M, 0.2 pc and 2500 L, whereas
the same properties for the maser hosts on the far side of the
Galaxy (median distance 11.4 kpc) are 3200 M, 0.6 pc and
10 000 L respectively. We do not detect small clumps on the
far side of the Galaxy, confirmed by the lack of a clear multi-
wavelength detection of a host clump for all of the MMB
sources. Despite the difference in typical size, we do not find
these two populations to be distinct in luminosity-to-mass
ratio, and thus are in the same relative evolutionary state.
The median LFIR/M for maser host clumps is 4.2 L/ M,
and the median temperature and mass surface density are
19.5 and 0.76 g cm−2 respectively.
ii) We find that 6.7 GHz methanol masers, and therefore high-
mass protostars, are present in clumps down to mass surface
densities of approximately 0.08 g cm−2. This value is similar
to thresholds of ∼0.1 g cm−2 for massive star formation re-
ported by other work, despite derivation from significantly
different methods.
iii) We have identified a correlation between the 6.7 GHz inte-
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Figure 27. Box-and-whisker plots of the distribution of infrared-derived clump properties for objects hosting a 6.7 GHz methanol maser,
categorised by the presence of any given secondary maser. For each panel from top to bottom: the total maser sample, clumps hosting
a methanol maser without any secondary masers found in the surveys used, clumps with at least one secondary maser of any type,
and the distributions for clumps with each type of secondary maser (12.2 GHz CH3OH, H2O from HOPS, and excited-state hydroxyl).
Each box is drawn between the lower (25th percentile) to upper (75th percentile) quartile value, with the length of the box defining the
interquartile range (IQR) and a vertical dashed line at the median. The median values are given in Table 9. The whiskers (capped solid
lines) give the range of the data, defined as 1.5×IQR past each end of the box, and outliers beyond this are plotted as circles.
grated luminosity of a maser and the luminosity of its host
clump at 70 µm, finding the minimum 70 µm clump lumi-
nosity required to be associated with a maser of a given
luminosity to be characterised by L70 ∝ L0.66.7 .
iv) Class II methanol maser hosts are found to be at greater
values in all clump properties relative to the population of
all protostellar clumps visible with Hi-GAL. The range of
LFIR/M covered by the maser sample is narrower relative
to the spread in Lbol/M seen for the protostellar sample.
Identifying approximate thresholds on each property and
through the use of PCA, we identify 896 protostellar ob-
jects, from a sample of 5497, that match the properties of
the methanol maser host clumps but lack a detection of a
strong 6.7 GHz maser with the MMB survey. Accounting for
completeness in both samples, we find a factor of 2.5 more
maser sources than matched maserless clumps.
Finding a 70 µm deficiency in the sources lacking a methanol
maser, a comparison of the mid-infrared 8 µm properties of
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Figure 28. Timeline of the relative duration and evolutionary offset of each secondary maser species found within 6.7 GHz host clumps.
The duration of the class II methanol maser phase is taken to be 3.5×104 yr (van der Walt 2005) and length of the line is determined by
the fraction of 6.7 GHz methanol masers with this species. The offset between each species of secondary maser is given by the statistical
overlap with the other secondary masers. The black, red and orange lines are found from considering the overlap with 12.2 GHz class II
methanol masers, water masers and ground-state hydroxyl masers respectively. The overall location of the secondary masers within a
6.7 GHz lifetime is not fixed, as indicated by the grey box.
these sources suggests that the objects lacking a 6.7 GHz
methanol maser may be in a later evolutionary stage. How-
ever, this conclusion is limited by the small number of
sources in each sample with a detected GLIMPSE counter-
part (19 and 47 per cent of sources in the non-maser and
maser samples respectively). The origin of these low values
needs further investigation. It is unlikely that the majority of
these sources host weak methanol masers (§ 6.3). However,
confirming this requires more sensitive observations while
observations on smaller, core-scales will allow us to more
fully understand the properties of the maser-less, embedded
protostars and their apparent lack of methanol masers. This
is the subject of future work.
v) Considering secondary water, hydroxyl and 12.2 GHz class
II methanol masers in each MMB maser host clump, we find
that clumps associated with any secondary maser to be more
evolved than those hosting a solitary 6.7 GHz maser. Sources
with a hydroxyl maser are found to be significantly more ad-
vanced in evolution. We find sources with water masers de-
tected in HOPS to be at an intermediate evolutionary stage
between the solitary 6.7 GHz and hydroxyl-bearing clumps,
although we do not find a statistically significant difference
in luminosity or mass surface density relative to clumps as-
sociated with a water maser relative to those that are not
when considering higher-sensitivity surveys. We find a 1 K
median temperature increase of borderline statistical signifi-
cance towards sources with a second class II methanol maser
at 12.2 GHz. We present a maser timeline summarising these
results.
vi) Although trends between FIR clump luminosity and maser
luminosity are found for each type of secondary maser in a
6.7 GHz host clump, these relationships have order of mag-
nitude scatter and are not 1:1 relationships. Any predictions
of maser luminosity from infrared clump luminosities should
account for this.
In summary, comparison of the sources identified in
the Methanol MultiBeam (MMB) survey and the Herschel
Infrared Galactic Plane Survey (Hi-GAL) has allowed the
most comprehensive, Galaxy-wide, study of the properties
and evolutionary status of the sources which host 6.7 GHz
methanol masers to date. The maser sources have median
luminosity of 5600, L and are associated with clumps of
median radius 0.42 pc with median mass 1400 M, although
these are influenced by the bi-modal distribution of distances
to the sources. On the near side of the Galaxy the typical
source has a luminosity of 2500, L, lower than typically pre-
viously assumed for these sources. However, the clumps in
which these sources are found have high surface densities,
consistent with them eventually becoming high mass, and
high luminosity, sources. Our analysis has identified for the
first time a sample of sources which are similar to the maser
sources in a range of properties but do not host masers. We
show that these are consistent with being at a more evolved
phase of evolution than the maser sources, but confirmation
of this requires further comparative study of these objects.
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APPENDIX A: PRINCIPAL COMPONENT
ANALYSIS
PCA is a statistical technique with which to reduce the di-
mensionality to only a few new dimensions. The new vari-
ables, the principal components, are defined along mutual
trends in the N-dimensional parameter space, where N is the
original number of variables, each of which can be mapped
back to the original physical variables (Wall & Jenkins 2012).
The direction of a principal component is identified as the
direction of maximum variation in the N-D parameter space.
For example, if three parameters are all mutually correlated
with a linear relationship when plotted in 3D, the first prin-
cipal component will be in the direction along this correla-
tion as the scatter, and therefore variation, about this line is
minimised. Each subsequent principal component is identi-
fied in the remaining direction of maximum correlation after
the previous trend has been removed, and therefore each ac-
counts for a decreasing fraction of the total variance in the
original parameter space. Only the first few components ac-
counting for the majority of the original variance require fur-
ther consideration as the components beyond this are only
very weak correlations.
In addition to correlations, PCA is often applied to iden-
tify clustering in data sets with which to separate categories
of objects. For our case of maser and non-maser objects,
if the two samples cluster into separate regions in the pa-
rameter space defined by all of their properties, PCA will
identify a principal component in the direction of separation
to remove the variance caused by their separation. The two
samples will display a maximum offset along this principal
component, and physical trend responsible for the offset can
be identified. For example, although we have already found
that the maser objects are more massive, luminous and hot-
ter than generic protostellar hosts on average, there remains
a large overlap between the two types of object in these dis-
tributions. It is also not clear whether the same non-maser
clumps overlap with the maser sample in all three proper-
ties. However, if each methanol maser host is simultaneously
more massive, luminous and hotter than a general protostel-
lar object, separation between maser and non-maser objects
will be seen along a principal component in this direction.
In our analysis, the returned explained variance ratios
(the fraction of total variance accounted for by each compo-
nent) indicate that only the first two components should be
considered further (0.51 and 0.32 respectively). Figure A1
shows the correlation of each principal component with the
individual parameters. A single principal component might
describe a mutual change in several properties with evolution
of an object or with the size of an object. This decomposi-
tion of a principal component into the original parameters
allows the direction of the new component to be interpreted
as a physical trend. The first principal component identifies
the strong correlation between L70, L250 and LFIR, but also
the trend of increasing luminosity with the mutual increase
of the mass and radius of a clump. The second component
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Figure A1. The decomposition of the first two principal components, PC1 (top row) and PC2(bottom row) into the physical source
parameters used as input to the PCA. The correlation of each principal component with the source properties shows the direction of
the principal component in the 8-dimensional infrared parameter space. The protostellar sources are shown as grey contours at density
levels of 1% to 90% in intervals of 15%, with the maser hosts marked in orange. The original infrared property units are [L:R] L, L,
dimensionless, dimensionless, L, M, pc and K respectively, and the magnitudes of PC1 and PC2 are arbitrary.
is in the direction of increasing [70 − 160] and [70 − 250]
colour with temperature alongside decreasing mass and ra-
dius. Although principal component analysis has identified
that these trends are independent, the variance between the
two samples is not sufficiently significant in comparison to
the intra-sample variance in each property to identify a di-
rection of separation between the two. PCA therefore selects
the trends in parameter associated with evolutionary or scal-
ing effects of the clumps. Non-linear clustering methods may
be more appropriate for identifying small offsets, but these
are much more challenging to map back to physical proper-
ties.
Making use of the independent clump property trends
that have been identified through PCA, there are two pos-
sible explanations for the trend towards greater infrared
colours seen in PC2. An increase in the amount of 70 µm
flux relative to longer wavelength fluxes for a source, indi-
cated by an increase in [70-160] µm and [70-250] µm colours,
may indicate an increase in the ability of short wavelength
photons to escape from the inner regions of the clump, such
as through holes in the envelope. The second possibility is
that there is a greater amount of hot dust emitting at short
wavelengths within the clump.
An enhancement in the ability of 70 µm photons to es-
cape from the inner regions should therefore correlate with
an increase in the ability of photons to escape at 8 µm if this
is the underlying cause for this trend. In the case of removal
of envelope material, the percentage of the inner surface area
exposed by lines of sight with little or no intervening mate-
rial determines the ability of photons to escape. We there-
fore expect a similar enhancement in the 70 µm and 8 µm
emission through this effect and in such a case, the maser
sources with 8 µm counterparts would be expected to occupy
the high IR colour regions of PC2, and therefore low-mass
and radius regions. An increase in hot dust would also cause
an increase in the amount of emission produced at 8 µm
by a protostar, although without the removal of envelope
material, the 8 µm emission is still much more strongly at-
tenuated by the envelope material than emission at 70 µm.
The correlation between increasing in 70 µm emission and
8 µm emission would be less pronounced in this case. When
plotted the 8 µm sources show no preferential location and
are scattered throughout the entire regions occupied by the
maser sources. This therefore supports the conclusion that
an increase in the hot dust content of the clump is more
likely responsible for this trend.
APPENDIX B: CORRELATION OF MASER
AND CLUMP LUMINOSITIES
The figures to accompany Section 8.2 are presented here.
Figure B1 displays the correlations between the luminosity
of each 6.7 GHz and secondary masers considered. Figure B2
shows the correlation and line of best fit between 6.7 GHz
and secondary OH maser luminosity.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. The correlation between integrated maser luminosity and host clump FIR luminosity for the 6.7 GHz and other secondary
masers within the clump. The panels show: (a) 6.7 GHz luminosity and (b) 12.2 GHz luminosity from the follow-up MMB study by
Breen et al. (2012a,b, 2014, 2016), (c) the water maser luminosity from the study by Titmarsh et al. (2014, 2016) and (d) the OH maser
luminosity from the SPLASH survey (Qiao et al. 2016, 2018), where the total integrated OH maser luminosity is calculated as the sum of
the integrated luminosities of all individual OH masers in a clump. The lines of best fit are shown in blue dashed lines and the properties
are given in Table 8.
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Figure B2. The correlation between integrated 6.7 GHz maser
luminosity and total integrated OH luminosity for the 18 clumps
with a secondary OH maser and a reliable distance. The line of
best fit (blue dashed) is given by log10(LOH) = 0.62 log10(L6.7) +
0.46.
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